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ABSTRACT 

This paper introduces brief ideas for "Simulation of heat exchanger under fouled 

conditions" research which includes its background study, objectives, literature review, 

research methodology, results, discussion, recommendation and conclusion. In the initial 

part of this paper, the fouling characteristic is discussed based on the literature review. 

Fouling in heat exchanger is one of the major challenge need to be encounter by all 

industrial practitioner in plant especially in oil refinery plant. This problem had caused 

plant to increased their capital and operational cost because of inaccurate prediction of 

accumulation of fouling in the heat exchanger. This paper also quotes and discussed 

some literature and research of a few scholars about the fouling model characteristic and 

performance. In the methodology, the steps taken throughout the project is discussed 

briefly. The modelling of crude preheat train and simulation done is explained. Next, 

result and discussion for this project is analyzed. In the last part, a few recommendations 

are proposed to enhance the project before the project is concluded. 
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1.1 Baekground ofstudy 

CHAPTER I 

INTRODUCTION 

Fouling, a term originally used in the oil industry, is defined as the accumulation 

of deposits on heat exchanger surfaces, which obstructs the transfer of heat and increases 

the resistance to fluid flow (Epstein, 1983; Taborek et al, 1972). The growth of these 

deposits causes the thermal and hydrodynamic performance of heat transfer equipment to 

decline with time. Fouling is generally classified into five categories according to the 

principle process: crystallization, particulate, chemical reaction, corrosion and biological 

fouling (Hong Yu, 2007). A mail survey covering 3000 heat exchangers from New 

Zealand showed that more than 90% of heat exchangers suffered from fouling problems. 

In any industrial plant, it is important not only to be able to measure the build up of 

unwanted deposits, but also to do it in the simplest and most economically possible way 

(Muller-Steinhagen, 2000). 

This project will be focusing on monitoring heat transfer characteristic of the 

fouled heat exchanger in the oil refinery plant, where the high number of heat exchanger 

units and the variability of the crude oil feed composition and properties happened. In 

this case, the flow rates and the quality of the fluids flowing through the heat exchanger 

do not usually correspond to the design conditions because they keep changing with 

time. So monitoring of the day to day thermal efficiency cannot be compared to the 

efficiency of the design calculation. Fouling is closely related with the thermal efficiency 

of heat exchanger. Some companies even evaluate the fouling from the value of thermal 

efficiency. Low thermal efficiency indicates high fouling occurred in the heat exchanger 

(L.F Melo, A. Sousa Braga et al., 1996). 
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Common ways to monitor the performance of the heat exchanger are done by 

monitoring the pressure drop and temperature difference of inlet and outlet condition. 

However, there is a lot of discrepancy of using this method. One of the current ways in 

monitoring the thermal efficiency of fouled heat exchanger will he briefly discussed in 

the literature review. Several heat exchangers in an oil refinery were successfully 

monitored using this method (1. F Melo, A. Sousa Braga et a!., 1997). 

1.2 Problem Statement 

Fouling of heat exchanger can cause a lot of problems to the plant especially in 

refinery plant. Enormous costs are associated with the heat exchanger fouling but only 

limited research has been done to determine accurately the economic penalties due to 

fouling and to attribute these costs to the various aspects of heat exchanger design and 

operation. Fouling related cost is simplified in the table below (Bohnet, 1987; Bolt, 

1995; Muller-Steinhagen, 1999). 

Table 1.1: Cost related to fouling in plant 

No Cost Description 

1. Increased capital investment More materials for the construction of heat 

transfer equipment 

2. Additional operational cost Higher energy consumption due to thermal 

efficiencies and pressure drop 

3. Higher maintenance cost Due to the local corrosion of tubes and 

additional cleaning systems 

4. Loss of production Due to deteriorating product quality and 

inability to meet operational demand and 

unforced shutdown for clean up 

5. Cost of remedial action Such as additives to reduce fouling and 

chemicals to clean fouled sutfaces. 
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It is estimated that the total cost of heat exchanger fouling accounts for about 

0.25% Gross Domestic Product (GDP) of industrialized countries during the 1980s and 

1990s. (Muller-Stainhagen, et a!., 2005). Therefore, it is important to monitor the fouling 

and to study the effect offouling to the heat exchanger performance in order to avoid the 

cost-related to this problem. 

1.3 Objectives 

The objective of this project is to study the effect of fouling on heat transfer 

characteristic of the heat exchanger in the crude preheat train through simulation. The 

heat exchanger data will be taken from Petronas Penapisan (Melaka) Sdn. Bhd 

(PPMSB). The simulation used for this project is Petro-SIM. From the simulation, the 

fouling resistance is manipulated to study the heat exchanger performance in term of 

heat exchanger duty, log mean temperature difference (LMTD) and crude outlet 

temperature of the heat exchanger. The effect of fouling will be studied on individual 

and also all heat exchangers in the crude preheat train. 

1.4 SeopeofStudy 

The scope of study for this project consists of a few tasks and research that need 

to be conducted. The frrst stage of study is to know the theoretical background of the 

heat exchanger design, heat transfer characteristic and fouling characteristic. 

Understanding on this theoretical knowledge will assist the student to work on the 

problem during the simulation later. Besides that, the student also needs to do the 

research on the current method done by industrial practitioner in order to monitor the 

fouling performance of the heat exchanger to provide better understanding on the fouling 

characteristic. On top of that, the student needs 'to familiarize with the simulation 

software to be used that is Petro-SIM. The successful of this simulation will depend on 

how the student manages to integrate the data of heat exchanger to produce best analysis 

of heat exchanger characteristics. 
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CHAPTER2 

LITERATURE REVIEW 

This section will briefly discuss about the theoretical background of fouling and 

the design operation of heat exchanger. Then, the current method of evaluating fouling in 

the heat exchanger will be discussed which include the fundamental concept and 

calculation to represent fouling thickness and fouling thermal resistance. 

:U Types offouling 

As mentioned earlier, there are five types of fouling involves in heat exchanger. 

The first one is crystallization fouling. This involves the crystallization of dissolved 

species from solution onto the heat exchanger surface. This happened when process 

conditions lead to supersaturation of the dissolved inorganic salts at the heat transfer 

interface. The next type of fouling is particulate fouling. This fouling is defined as the 

deposition of particles suspended in liquid onto heat transfer surfaces. Suspended 

particles may include pollutants/species always present in the feed stream or product of 

the chemical reactions occurring within the fluid (Bolt, 1997). 

The third fouling is chemical reaction fouling which included deposits that are 

formed at heat transfer surfaces as a result of chemical reaction within the process fluid. 

The forth fouling is corrosion fouling. In this case, the heat exchanger material reacts 

with the fluid to form corrosion products on the heat transfer surfaces. This classification 

only restricted to in situ corrosion processes. The last type of fouling is biological 

fouling which refers to the development and deposition of organic films consisting of 

microorganisms and the attachment and growth of macro-organism (Bolt, 1997). 
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2.2 Sequence of fouling 

The overall fouling process can be explained by referring to the Figure 2.1 below. 

The figure shows an idealised graph of the rate of growth of a deposit on a surface which 

consists of three regions. In region A, the process of adhesion is initiated. The induction 

period may take a long time, perhaps of the order of several weeks or may be of the 

order of minutes or even seconds. Region B represents the steady growth of the deposit 

on the surface. During this region, there is competition between deposition and removal. 

Factors that may influence the deposition or adhesion of foulant are van der Waals 

forces, electrostatic forces and external force fields at wall while the removal may occur 

as a result of spallation, erosion or dissolution (Bolt, 1997). 

The rate of deposition gradually decreases while the rate of removal deposit 

gradually increases. Finally the rate of removal and the rate of deposition may become 

equal so that a plateau steady state is reached. This is where the last region, Region C 

occurred (Bolt, 1997). 

·-£ .... -.,. 
0 
a. 
cu 

Cl 

c 

A 

Time 

Figure 2.1: The change in deposit thickness with time 
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2.3 Conditions that Influence Fouling 

There are a few conditions that could influence fouling in the heat exchanger. 

These conditions can be divided as operating parameters, fluid properties and heat 

exchanger design parameters (Garrett-Price et al., 1985). 

2.3.1 Operating Parameters 

Surface temperature, bulk temperature and fluid velocity are among the most 

important parameters that affect the rate of fouling. For a process involving chemical 

reactions, higher surface temperature tends to increase fouling rate due to an increased 

reaction rate. Variation in the fluid viscosity between the heat transfer surface and bulk 

fluid may affect transport of fouling species due to temperature gradient across the wall 

boundary layer (Bolt, 1997). 

Fluid velocity is a critical factor with respect to both deposition and removal 

processes. Higher velocities will enhance the mass transfer of fouling species from the 

bulk liquid to the heat transfer surface and the intensity of the removal force, but tend to 

reduce the efficiency of surface adhesion for foulant (Bolt, 1997; Pinheiro, 1986; 

Yiantsios and Karabelas, 2003 ). 

2.3.2 Fluid Properties 

The nature of the fluid and the species dissolved or entrained in the fluid are 

known to affect fouling processes. For example, water quality in cooling water systems 

has a significant impact on potential fouling mechanisms which may involve 

crystallization of inversely solubility salts, deposition of particulate matters, corrosion 

and biological fouling (Knudsen, 1981 ). 
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2.3.3 Heat Exchanger Parameten 

Heat exchanger parameters such as surface materials, surface structure and type 

and geometry of exchanger could also affect the fouling potential. For instance, rough 

surfaces are known to promote fouling by providing additional nucleation sites for 

deposition (Knudsen and Roy, 1982; Suitor et al., 1977). Copper and brass alloy surfaces 

generally foul more than stainless steel surface from the added effect of corrosion 

(Suiter,et al., 1977) and higher surface energy (fyson, 1975; Mantel, et a1.,1995). Plate 

heat exchangers also tend to have lower fouling rates than tubular exchangers due to the 

turbulence generated by the corrugations on the plate (Knudsen and Roy, 1982). 

2.4 Fouling Resistance 

For steady state conditions, the heat flux, q" across a clean surface is given as: 

q" = Uct.Tm (2.1) 

Where: q" =heat flux 

Uc = overall heat transfer coefficient for clean condition 

t. T m = log mean temperature difference between hot and cold fluids 

The log mean temperature can be calculated using the equation below: 

(2.2) 

Where: t.T1 =temperature difference between hot fluid 

t.T2 =temperature difference between cold fluid 

The relation between the overall heat transfer coefficients with the resistance is 

defined as: 

1 1 Ah -= Rtt= -+ Rw+
Uc hh Ache 
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Where: RTC = total resistance to heat flow 

'A. = cold fluid side heat transfer area 
I = film resistance of the hot fluid -

ht. 

~ = film resistance of the cold fluid 
Ache 

Rw = resistance to heat flow of the metal wall 

The heat flux across a fouled surfuce is given as: 

Where: 

1 1 1 
- = Rrp = - + Rw + R1 + -
UD hh he 

(2.4) 

(2.5) 

where Rr is the resistance of fouling to heat transfer. Thus, the so called fouling 

resistance or fouling factor can be redefined as: 

1 1 
Rt= ---

UD Uc 
(2.6) 

and 

(2.7) 

Where: T w =wall temperature 

T b = bulk temperature 

If the wall temperature T w is to be kept constant, heat flux q" decreases with the 

increasing Rr, thus results in a lower temperature of cold fluid. Alternatively, if the heat 

reflux q" remains constant (the deposit/fluid interface temperature remains the same as 

the clean wall temperature value), Tw must be increased with the increasing Rr(Knudsen 

and Roy, 1982). 
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If the total available heat transfer area A is taken into account, the rate of heat 

transfer q is expressed as: 

(2.8) 

In the design of heat exchanger, it is necessary to detennine the area, A required 

for the heat transfer. So the equation need to be rearrange to estimate the required heat 

transfer area under fouling conditions and the impact of fouling on the heat exchanger 

design. 

q 1 q 
A=--=(,+ Rt)-

u0ATm Uc ATm 
(2.9) 

From the equation, the choice of the individual fouling resistance for the 

calculation of U0 will have a great influence on the size of the heat exchanger and hence 

the capital cost. 

2.5 Effect of fouling on velocity of fluid 

The rate of build up of deposit on a surface could be defined by the simple 

concept of the difference between the rate of deposition and removal. In mathematical 

tenns; 

Where: m 

am 0 -= o- 0R at 

= mass of deposit 

0 0 = deposit mass flow rate per unit area 

0R = removal mass flow rate per unit area 

(2.10) 

The increased heat transfer resistance of the foulant layer can have two further 

effects. If the deposit thickness is appreciable, then the area for fluid flow and the cross 

sectional area of a tube is reduced. For the same volume flow, the fluid velocity will 

increase and for identical conditions, the Reynold number will increase. 
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For the clean tube diameter, d1 and the volumetric flow rate is V, the original 

velocity is given by; 
4 

u· =V-
1 nd~ 

(2.11) 

If due to fouling process, d1 is reduced to d112, thus the new velocity u2 for the 

same mass flow rate is a fourth time the original velocity or given by: 

.4x4 16 V 
Uz=V--= --7rdz 1fdz 1 1 

The Reynolds number is defined as: 

Where: p = density of fluid 

n = viscosity of fluid 

(2.12) 

The corresponding Reynolds number will be doubled due to the presence of 

deposit if d1 is reduced to d/2 as shown in the equation below. 

.. 4Vp BVp 
Re = --;r-= 

7f !;[ 7J 7f d17J 

2.6 A Simple General Model of Fouling 

The simplest model of represent the build up of deposit with time but ignoring 

the induction period would have the form: 

dx 
Xf = dt.t 

10 
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Where xr is the thickness of deposit at time t. If the induction time is ti> then the equation 

become: 

In term of fouling resistance, the above equation will be: 

~ Rt=dt.(t=t,) (2.14) 

The difficulty in using this model is that without experimental work, dx/dt and 

dR/dt is unknown. Thus one of the simplest models to explain the fouling process was 

defined by Kern and Seaton [1959]. This model is essentially a mathematical 

interpretation of the asymptotic fouling curve as shown in the Figure 1. 

(2.15) 

Where: R11 = fouling thermal resistance at time t 

Rr., = fouling thermal resistance at time t 

p = constant dependant on system properties 

The actual value of the constants will depend upon the type of fouling and the 

operating conditions. Some detailed experiment need to be conducted to predict these 

values. As the research will be time consuming, Kern and Seaton [1959] proposed a 

mathematical restatement of the initial equation with tubular flow in mind of the form: 

Where: K1 c' M 

K2TXft 

K1 andK2 

c' 

M 

(2.16) 

= the rate of deposition term similar to first order reaction 

= the rate of removal term 

=constant 

= foulant concentration 

= mass flow rate 

= the foulant layer thickness at time t 
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t 

f 

= the shearing stress =fin} 
= friction factor 

Assume c' and M are constant because of steady state flow, and Xr the thickness 

is very much less than the tube diameter for deposition in a tube, the integration of 

Equation 2.16: 

(2.17) 

This equation is similar to Equation 2.15 in fonn with K,c'M a constant for a 
K2r 

given set of operating equations and equivalent to Rroo· Kzt is also a constant and 

equivalent to p. Kern and Seaton [1959] also developed the theory further using the 

Blasius relationship, to make allowance for the change in flow area caused by the 

deposition process. 

f = ..!.... = K Re-o.zs 
pu2 f (2.18) 

Where, K1is the Blasius constant and lip = 4 a ' 1
2 tP B 

Where d; is the inside diameter of the tube and I is the length of tube in the direction of 

flow. 

Under this condition, for turbulent flow: 

(2.19) 

Where lip"' is the pressure drop at the asymptotic value of the foulant thickness. K;:• 
characterises the fouling qualities of the fluid and generally will remain constant. If the 

practical data be available for one set of condition, the thickness of the asymptotic value 

of the fouling thickness at a different set of conditions can be obtained by this equation 

from the ratio: 
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Xfcol _ ---
f_!•M:]l/5 
U\p., 2 

f_!4M3]1/S 
IAPco4 

1 

(2.20) 

The subscript 1 and 2 refer to the two set of conditions. In general it can be 

assumed that the mechanism of removal will be similar in most situations since it will 

depend upon the conditions at the fluid/foulant interface although the cohesive strength 

of the foulant layer will be different in different example (Kern and Seaton, 1959). The 

driving force for asymptotic fouling for any mechanism is suggested as the difference 

between the asymptotic fouling resistance and the fouling resistance at time t (Konak, 

1973). Assuming a power law function; 

(2.21) 

where K and n is a constant. The final equation becomes (Kern and Seaton, 1959); 

[ 
Rtt ]

1
-n n-1 

1 -- - 1 = KRtco t 
Rtco 

forn '* 1 

-ln [1- Rtt] = Kt forn = 1 
Rfco 

As most of the constant in this general model is unspecified and need further 

research and experimental work, another model is used in the industry in order to 

monitor the performance of heat exchanger fouling. 

2. 7 Fouling Resistance Calculation 

In the earlier part of literature review, several modeling and representation of 

fouling are discussed. However in real situation, slightly difference approach is used in 

order to calculate the fouling resistance. Most of the formulas used are referred from the 

Heat Transfer (Principles and Applications) book written by Binay K. Dutta and 

Introduction of Heat Exchanger written by Incropera, De Witt et al. 
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Fouling resistance, Rr in the heat exchanger can be calculated using the equation 

below: 

(2.22) 

where: 

U A = Overall heat transfer coefficient at actual condition (W /m14C) 

Uc Overall heat transfer coefficient at clean condition (W/m20C) 

Rr Fouling resistance (m14CIW) 

The calculation part is divided into a few sections to avoid any confusion. 

2. 7.1 OveraD Heat Transfer Coefficient (Aetna! Condition) 

The value of UA can be calculated from the current process and design data 

provided by the plant. Usually all four temperatures of inlet and outlet for cold and hot 

stream are available from the temperature and flow indicator at plant Generally, overall 

heat transfer coefficient can be calculated from the heat transfer rate equation below: 

Q = UAilT 

(2.23) 

Considering various design of heat exchanger and fouling happened in the heat 

exchanger, value ofUA is defined as: 

(2.24) 

where: 

Q = Heat transfer rate (MW) 

A. = Effective surface area (m2
) 

~TcM = Corrected mean temperature driving force ("C) 
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Value of Ao is available in the design data. The heat transfer rate, Q can be 

calculated using the equation below where value of mass flowrate (m), specific heat 

capacity (Cp) is also available in the design data. 

Q =mCpAT (2.25) 

The value of Q can be calculated depending on the mass flowrate of cold or hot 

stream of the heat exchanger that is available. If the cold stream flowrate is used, the 

value of Cp and AT of cold stream must be used too. The value of ATCM can be 

calculated using the equation below. 

where: 

FT LMTD Correction factor 

AT M = Log mean temperature difference {"C) 

Log mean temperature difference in defined as: 

I:J.T _ (Tn.tn-Tc,out)- (Tn,out-Tc,tn) 
M - zn(TH,tn-Tc,out) 

Tn,out-Tc,in 

where: 

T a.m Hot stream inlet temperature ("C) 

T H,ont = Hot stream outlet temperature ("C) 

Tc.m = Cold stream inlet temperature ("C) 

Tc.... = Cold stream outlet temperature (0C) 

The LMID correction factor, FT is defmed as: 

.JR2+1zn( 1-<c) 

F 
_ R-1 1-RTc 

T- (2) 
[

- -1-R+ R2+1 
ln <c 

(:,)-1-R-.J R2+1 

15 
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where: 

Temperatiire ratio, Tc = Tc,out-T c,tn 
Tn,in-Tc,tn 

The value ofFT and aTM will be used in equation 2.26 to get the value of .\TcM, 

Then value ofUA is calculated using equation 2.24 from the value ofQ, Ao and aTCM 

calculated earlier. 

2. 7.2 Overall Beat Transfer Coefficient (Clean Condition) 

The value of Uc can be calculated based on the outside (Uc,o) or inside (Uc,i) 

surface area. For a given heat exchanger, inside refer to tube side while outside refer to 

shell side of the heat exchanger. For the case based on outside surface area, 

1 
Uc ----:r--,o - d0 ln (!f{,) 

J!!L+ I +..!. 
dtht kw h0 

(2.29) 

For calculation based on inside surface area, 

(2.30) 

Considered the case based on the outside surface area, where: 

d; = Tube inside diameter (m) 

do Tube outside diameter (m) 

kw = Thermal conductivity of tube wall (W/mK) 

h, = Tube side heat transfer coefficient (W/m2K) 

ho = Shell side heat transfer coefficient (W/m2K) 
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The values of di, do and kw is available in the design data of the heat exchanger. 

The value of hi and h., can be calculated using the equation below: 

For inside {tube side) heat transfer coefficient, hi is defined as: 

h· = !!.!E:_ 
I dt 

(2.31) 

where: 

Nu Nusselt number 

k Thermal conductivity of product flow through tube (W/mK) 

di = Inside tube diameter (m) 

The calculation of Nusselt number depends on the fluid condition. There are a 

few models have been introduced as shown below: 

Sieder-Tate equation modified by McAdams: 

Nu = 0.027 Ret 0·
8 Prt 113 (;:) o.

14 

Colburn equation: 

(Jl )
0.14 

Nu = 0.023 Ret 0·
8 Prt 0·

4 J.l: 

Dittus-Boelter equation: 

where: 

n = 0.3 (cooling) or 0.4 (heating) 

Re, Reynolds number (tube) 

Pr, = Prandtl number (tube) 

llt = Dynamic viscosity of product flow inside the tube ( cP) 

11w Dynamic viscosity of product flow near the wall ( cP) 
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The value of f.lw is available in the design data. The suitable equation to be used 

depends on the value ofRe. and Prt calculated previously. Reynolds number and Prandtl 

number can be calculated from the equations below: 

where: 

p = Density (kglm3
) 

R 
_ PUmdi et=

ll 

p.C 
Pr. - P t-T 

u, Mean fluid velocity over tube cross section 

d; Inside tube diameter (m) 

f.1 = Dynamic viscosity ( cP) 

Cp Heat capacity (JikgK) 

k = Thermal conductivity (W/mK) 

For outside (shell side) heat transfer coefficient ho is defmed as: 

h -~ o-
do 

where: 

Nu = Nusselt number 

k = Thermal conductivity of product flow through shell (W/mK) 

do = Outside tube diameter (m) 

(2.35) 

(2.36) 

(2.37) 

Similar to the inside heat transfer coefficient, the calculation of Nusselt number 

for outside heat transfer coefficient also depends on the fluid condition. There are a few 

models have been introduced as shown below: 

Hilpert equation: 

(2.38) 
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Zukauskas equation: 

[gr4 Nu = CRe5mPr~ --; (2.39) 

where: 

n = 0.37 (Pr <10) or 0.36 (Pr>IO) 

Re, Reynolds number (shell) 

Pr, Prandtl number (shell) 

Prw Prandtl number of product flow near the wall 

C,m = Constant of equation (depends on value of Re,) 

The suitable equation to be used dept:nds on the value of Re. and Pr, calculated 

previously. Reynolds number and Prandtl number can be calculated from the equations 

below: 

where: 

R 
pVdo es=-

p. 

P ... = !:5!. Ts-
k 

V = Mean fluid velocity through shell side 

d. = Outside tube diameter (m) 

(2.40) 

(2.41) 

The value of product density (p), dynamic viscosity (!1), thennal conductivity (k) 

and heat capacity (Cp) for product flow in the tube side and shell side are extracted from 

the simulation Petro-SIM. Solving the value of hi and ho, the value of Uc can be 

calculated using the equation 2.29 or 2.30. 

2. 7.3 Overall Beat Transfer Coefficient (Fouled Condition) 

From the value ofUc and UA, fouling resistance, Rris calculated using equation 

2.22. The value of overall heat transfer coefficient of fouled condition, Ur can be 

calculated using the equation below. 

1 
Ut=Rt 
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2. 7.4 Heat Transfer Effectiveness and Efficiency 

Effectiveness of heat exchanger is also one of the important :fuctors that are used 

to evaluate the performance of heat exchanger. The calculation of effectiveness only 

considers the temperature inlet and outlet of cold and hot stream. Effectiveness of heat 

exchanger, D is defined as: 

_ actual heat trans[ er 

1/ - maximum posstbte heat transfer 
Q _ = .'!Hm-TH.out 

Qmax TH,tn-Tc,tn 
(2.43) 

The more accurate way to evaluate the performance of heat exchanger is by 

calculating the value of efficiency. Efficiency of heat exchanger can be determined from 

the equation below: 

2. 7.5 Fouling Thickness 

Efficiency = u A 
Uc 

(2.44) 

The amount of material deposited or the fouling thickness, Xr is related to the fouling 

resistance. The fouling thickness is defined as: 

(2.45) 

where kr is the thermal conductivity of the foulant. 
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CHAPTER3 

METHODOLOGY 

The simulation of heat exchanger under fouled conditions is a new approach in 

determining the heat transfer perfonnance in the heat exchanger network (HEN). This 

project will involve a few steps which consist of; 

3.1 Literature Review 

Journals and articles regarding the heat exchanger design, heat transfer 

characteristic and fouling characteristic were compiled and analyzed to give concrete 

understanding about the project. 

3.2 Project Aetivities 

3.2.1 Familiarization ofPetro-SIM software 

This project will used one of the current simulation software used in PETRONAS 

companies that is Petro-SIM. Petro-SIM is rigorous simulation software that will allow 

the user to model from a specific unit to an entire plant. Familiarization of using this 

software will be the successful key to produce the good simulation in order to represent 

the fouling in the heat exchanger. 

3.2.2 Simulation to be performed in Petro-SIM 

The steps to be perfonned in the Petro-SIM are shown in the process flow below: 

21 



I. Heat Exchanger Modelling in Petro-SIM 

The heat exchanger model will be set up from the design 
data. As mentioned in Chapter I earlier, the data will be 
taken from PP(M)SB. The set up will be done for one of 
the heat exchanger (E 09) to study the effect of fouling to 
the heat transfer characteristic of individual heat 
exchanger. 

2. Simulation of Heat Exchanger Model in Petro-SIM 

The value of fouling resistance in the heat exchanger E 09 
will be manipulate to study the effect of fouling resistance 
on heat exchanger duty, overall heat transfer coefficient 
and LMTD value. 

3. Heat Exchanger Network Modelling and Simulation 

The simulation setup is done to all of the heat exchanger in 
the crude preheat train. The fouling resistance for heat 
exchanger E II will be manipulated to analyze the 
cascading effect of fouling to the heat transfer 
characteristic in the heat exchanger network. 

4. Analysis of simulation results 

The results will be represented in the graph and analyzed. 
Interpretation of the results will be done and further 
enhancement on the simulation model will be discussed 
later. 
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3.2.3 Spreadsheet Calculation 

From the simulation, the data from Petro-SIM will be transfer to the Microsoft 

Excel to produce spreadsheet calculation. The calculation formula is based on the 

literature review part. The heat exchanger performance is evaluated based on many 

factors such as heat exchanger duty, LMTD and crude outlet temperature. The results are 

tabulated for a single heat exchanger and also the heat exchanger network. 

3.3 Key milestone for FYP II 

Table 3.1: Suggested key milestone of the project 

2 

3 

4 Gathering and AnaiJ5iS 

5 

6 Improvement 

7 2 

8 Disrussion 

9 

10 Exhibition 

u Report 

u 

13 of Project Dissertation 
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3.4 Software I Tools Required 

There are two softwares that will be used in this project as shown in the table below. 

Table 3.2: List of software used in the project 

.N(I, SpilWare ·· Licensor ·• .. Bri~fl)escription .. .. · .. ·. ,_- .-; .. _-- .. .· 

1. Petro-S 1M PETRONAS Petro-S 1M is a rigorous simulation software 

package that will allow the user to model from a 

specific unit to an entire plant. Process variables 

and unit operation topology can be easily 

manipulate and fully customized for the 

simulation. 

2. Microsoft MICROSOFT Microsoft Excel is one of the simplest 

Excel spreadsheet data used for calculation of many 

variables and data. This simulation can be linked 

with the Petro-SIM and easily used to produce 

results in graphical form. 
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CHAPTER4 

SIMULATION SETUP 

The simulation set-up is done in the Petro-SIM software. This software is chosen 

because it is the common simulation used in PETRONAS. The steps in the simulation 

set-up are divided into three parts as shown below: 

l) General Simulation Environment Setup 

2) Preheat Train Setup 

i) Refinery feed 

ii) Stream setup 

iii) Heat exchanger setup 

Brief steps and data used in the simulation are explained below. 

4.1 General Simnlatinn Environment Setnp 

In this part, student must specify the master component list, fluid package, 

hypotheticals and oil manager information. The component used for this simulation is 

refmery default In Petro-SIM, for refinery simulation, the default components are 

already been develop in the software. This is one of the advantages of using this software 

compare to others. 

For the fluid package, the Peng-Robinson (PR) equation of state is used. This is 

because it is the most widely used cubic equation of state in the refmery and gas 

processing industries for the prediction of vapour-liquid equilibrium for system 

containing non-polar components (Chomg H. Twu, 1998). 
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After the selection of fluid package, the hypothetical and oil manager setup is 

specified to represent the component in the preheat train. In this part, product 

hypothetical, refinery assay, product assay and product cut is specify based on the KBC 

datasheet. For refinery assay, all of the crude used in PP(M)SB is already been setup. 

The student just need to create the product assay and product cut based on the KBC 

crude assay database. The example of the datasheet is attached in the Appendices. 

4.2 Preheat Train Setup 

After the general simulation setup, student will enter the simulation environment 

to proceed with the preheat train setup. There are three main parts in the preheat train 

setup which are refinery feed, stream setup and heat exchangers setup. 

4.2.1 Refmery Feed 

First of all, the refinery feed need to be set up. This is to represent the crude oil 

feed to the preheat train. There are 23 different types of crude used in the refinery 

operation based on KBC databases. Mole fraction of the crude used is set based on the 

crude blend done on the daily operation. The data need to be specify in the refinery feed 

are source of crude, .mole fraction of crude, mass flowrate, temperature and pressure of 

the crude. 

::..- ~~;:_~.s-=_:--~==~o.[;oom;g 
c--. r--(t) ,. o 

-~ 2f60 

--~ lS48 --~ (Jn..a:li 
Slll ldoiiUqVdflow~ 5511 
-Eto~NW~I .J.515eoGD!i 
-EMoqo~ 3!16.1 
HoolfloloJI<Ihl ~..oo5 
UqVdflow~c..djloMII ~0 

Figure 4.1: Refinery feed specification 
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4.2.2 Stream Setup 

For the stream setup, there a few data need to be specified which are temperature, 

pressure, mass tlowrate and component of the stream. The data is taken from the heat 

exchanger datasheet. The component of the crude and product flow in the heat exchanger 

is chose based on the assay created in the part I. The figure below is the example of 

stream specification for crude stream. 

-"""... _ 

~'-- •'--' ·~ .... 
~·.&...~~~•:: 
~·!-..~ .... , 
~~.~.--~ ....... 1 
....... I I•Laf .... "-" .,_,..,.._ - .... ~. .... 

Figure 4.2: Crude stream specification 

4.2.3 Heat Exchanger Setup 

The heat exchanger used for the simulation is shell and tube beat exchanger. In is 

important to know the principle of the heat exchanger such as which fluid should be flow 

through tube and shell side. In refmery operation, the principle is the product that has 

high possibility of fouling will be flowing through the tube side. This is because the 

cleaning of tube side is easier to be conducted compare to shell side. 
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The data for heat exchanger setup is available in the heat exchanger datasheet 

The example of heat exchanger datasheet is attached in the Appendices. The important 

data to be specified for heat exchanger in the simulation are shown in the table below. 

The others data need to be specified are highlighted in the datasheet 

Table 4.1: Example of specification for heat exchanger setup 

Data Specification 

TEMAtype AES 

Shell DP (kPa) 8.826 

Tube DP (kPa) 17.65 

Shell heat transfer coefficient (W t'cm•) 941 

Shell heat transfer coefficient (W t'cm•) 1769 

Shell Fouling ("em• /W) 0.0003$ 

Shell diameter (mm) 1200 

No of tubes per shell 1498 

TubeOD(mm) 19.05 

Tube ID(mm) 14.83 

Tube length (m) 6.096 

Tube Fouling ("Cm"IW) 0.00062 

Thermal Conductivity (W/mK) 60 

The stream and heat exchanger is arranged based on the process flowsheet of 

preheat train in PP(M)SB. The resulted simulation model is shown in the figure below: 
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Figure 4.3: Simulation model for crude preheat train 
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CHAPTERS 

RESULTS AND DISCUSSION 

The results for this simulation are divided into two sections; the study for 

individual heat exchanger (E 09) and the crude preheat train. 

5.1 Results and Analysis of Fouling in Individual Heat Exehanger 

The analysis of the heat exchanger is done for heat exchanger E 09 in Petro-SIM. 

The data used in the simulation is based on the design data. In real situation, the data 

such as temperature outlet, heat duty and others data keep changing with time. One of 

the factors that affect the heat exchanger performance is fouling. In heat exchanger E 09, 

the product flows in the shell side is diesel and the crude oil flows in the tube side. As 

crude has higher tendency to produce fouling compare to diesel, for the fouling 

resistance, Rr analysis, the value ofRr for tube side is manipulated. Others data are set to 

be constant. The Rr value of tube side is change to know the effect of Rr to the heat 

exchanger performance. The heat exchanger performance is evaluated based on the value 

of heat duty, temperature log mean difference and overall heat transfer coefficient. The 

result is shown in the table below: 

Table 5.1: Results of heat exchanger performance analysis 

Rf Tc Tc, Tprod, Tprod, LMTD Qc,in Qc,out Heat UA 
("Cm2

/ inlet out in out . •c kW kW Duty, Wf'Cm2 

W) •c •c •c •c . 

Q 
. kW 

0.00010 176 198 265 195 37.73 -211011 -204294 6717 236.89 
0.00016 176 198 265 195 38.11 -211011 -204332 6679 229.85 
0.00031 176 197 265 196 39.18 -211011 -204441 6570 212.09 
0.00047 176 197 265 197 40.26 -211011 -204554 6456 1%.88 
0.00062 176 197 265 199 41.34 -211011 -204669 6341 183.70 
0.00078 176 196 265 200 42.42 -211011 -204786 6225 172.18 
0.00093 176 196 265 201 43.48 -211011 -204902 6109 162.01 
0.00109 176 196 265 202 44.51 -211011 -205017 5993 152.98 
0.00124 176 195 265 204 45.52 -211011 -205132 5879 144.91 
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The value ofRffrom the design data is 0.00062 °Cm21W. This value is set to be 

the medium value. The lowest value is chose by manipulate the simulation so that it is 

converge and from the manipulation, value of 0.0001 °Cm2/W is taken as the lowest 

fouling value for the tube side of the heat exchanger. The largest value for tube fouling is 

set to be double the value of the design fouling. The intermediate value is chose and for 

each Rf value, the required data such as crude and product outlet temperature, heat flow 

and overall heat transfer coefficient is taken from the simulation and tabulated as shown 

in the table above. For better analysis, the result is represented in the graph below: 

[ Effect of Rf to the heat exchanger performance 

250.00 -r--------------------
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Figure 5.1: Effect of fouling resistance on the heat exchanger performance 

The graph is analyzed as two different parts. The ft.rst part (red region) is the part 

where the design value of Rf is increased to become double of design value and the 

second part is where the Rf value is reduced to the minimum value. From the graph, in 

the first part, when Rf increase, log mean temperature (LMID) increase while heat 

duty,Q and overall heat transfer coefficient ,UA is decrease. For the second parts, when 

Rf decrease, log mean temperature (LMID) decrease while heat duty,Q and overall heat 

transfer coefficient ,UA is increase. These results can be explained using the equation 

2.22, 2.24 and 2.27 in literature review section. 
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5.1.1 Effect of fouling resistance to the log mean temperature difference 

(LMTD) 

Log mean temperature difference is calculated using the fonnula below. 

From the fonnula, the value of LMTD is highly dependent on difference of 

temperature between hot and cold stream. From Table 5.1, as Rf increases, the difference 

between the inlet and outlet value of both stream, crude and diesel is decreases. This is 

because as fouling resistance increase, the heat transfer :from the product to the crude is 

reduced. So the outlet temperature of hot stream will be higher while the outlet 

temperature of the cold stream will be lower compare to the design value. Thus, as the 

value of Rf increases, the LMTD is also increases. 

5.1.2 Effect of fouling resistance to the overall heat transfer coefficient 

The relationship between fouling resistance and overall heat transfer 

coefficient, VA is mentioned in the equation 2.22 below. 

- 1 1 
Rr=--

U11 Uc 

From the fonnula, the value of Rf is dependent on the value of UA. The overall 

heat transfer coefficient for clean condition is constant Rearrange the equation, 

1 ull = 1 
Rr+uc 

The value ofUA is inversely proportional to the value ofRr. Thus as Rr increases, 

UA is decreases. From the definition, UA is a measure of the overall ability of a series of 

conductive and convective barriers to transfer heat. Therefore, when fouling increases, 
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the ability of the tube wall to transfer heat from hot fluid to cold fluid is reduces. 

Therefore the value of U A is decreases when the fouling resistance increases. 

5.1.3 Efl'eet of fouHng resistance to the heat exchanger duty 

The effect of fouling to the heat exchanger duty can be explained using equation 

2.24. Rearrange the equation, the heat exchanger duty is defmed as: 

From this equation, the value of Q is dependent on the value of UA and LMID. 

From the graph, the value of UA decrease faster compare to the value of LMID 

increasing. Thus the value of Q will be decreases when the Rf value increases. From this 

analysis, as the fouling resistance increases, the heat exchanger performance is decreases 

in term ofLMID, heat duty and UA. 

5.2 Results and Analysis for Crude Preheat Train Simulation 

The study of fouling effect to the heat transfer characteristic of preheat train will 

be focusing on the heat exchanger duty, log mean temperature difference and overall 

heat transfer coefficient. The temperature and flowrate of crude and products in the 

simulation is taken based on the daily operation data. The chosen date for this simulation 

study is based on I" November 2008 data. Listed below are the operation data based on 

I st November 2008. 
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Table 5.2: Operation Data on 1 '1 November 2008 

i. IJ.tl,at . ··•·· . ..• Shell side · ···. .. ., Tube Side 
.·.·. ·.· .· .. • 

Ex<;~r· Cotlli!On~t T,in Flowiate .CompOnent ·I·· T,in Flowrate 
'' ·-. ... . . •· .· < .• · .. 

••••• .. •.. . ..· ..... · ·.· .· ·• .•••.. · ("C) (kg/h) . . . ..•. ("C) (kg/h) 

EOI Top PIA 148.2 488627 Crude 35.8 391470 

E02 Kerosene 178.43 104073 Crude 85.99 391470 

E03 LightKero 158.90 162308 Crude 102.72 391470 

E04 Crude 108.35 391470 LSWR 190.12 84l15 

E05 LightKero 182.86 157023 Crude 117.39 436736 

E06 Kerosene 212.25 62052 Crude 129.16 436736 

E07 AGO 228.98 22263 Crude 134.42 436736 

E08 Crude 143.64 436736 LSWR 296.12 78025 

E09 Diesel PIA 287.06 51458 Crude 170.27 436736 

E 10 AGO PIA 334.84 12403 Crude 180.73 436436 

Ell Crude 184.86 436736 LSWR 332.55 71885 

The fouling resistance for all heat exchanger is set to the design value. So fur, the fouling 

resistance in the tube side of heat exchanger E 11 is manipulated to see the cascading 

effect to the other heat exchanger performance. From the plant history, the previous 

maximum value of fouling happened in the heat exchanger is up to O.oi °Cm2/W. Thus, 

the manipulation of the fouling resistance value is done up to the maximum fouling 

value. The manipulation value offouling resistance is shown in the table below: 

Table 5.3: E 11 Fouling Resistance Manipulation Value 

Fouling increment(%) Fouling resistance value ('Cm'IW) 

Design Value 0.00044 

20 0.000528 

50 0.00066 

100 0.00088 

500 0.00264 

1000 0.00484 

2200 0.01000 
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At each value of fouling resistance, the value of inlet and outlet temperature for 

product and crude, heat exchanger duty and overall heat transfer coefficient is tabulated 

in the excel spreadsheet The calculation is done to find the value of LMTD, heat duty 

and overall heat transfer coefficient, UA. For the value of overall heat transfer 

coefficient, it is found out that there is no change to the value except for heat exchanger 

E II. This is because the value of UA is calculated based on the value of fouling 

resistance provided to the heat exchanger. So there will be no effect to the value of U A. 

The results will emphasize on the percentage difference of the heat exchanger duty, 

LMTD and crude outlet temperature from the design value. 

As the fouling resistance for E 11 is increases, there are two primary effects that 

happen to the CPT which are the outlet temperature of the product stream (LSWR) will 

be increase while the outlet temperature of the crude will be decreases. Thus, more heat 

will be transferred to the next heat exchanger by the LSWR products which in this case 

in heat exchanger E 08. The cascading effect of fouling in E 11 is analyzed further in 

section 5.2.1, 5.2.2 and 5.2.3. 
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5.2.1 Effect of foaling resistance to the percentage diJJerenc:e in log mean 

temperature difference, LMTD 

% Dltfentnce in LMTD va % Increment in Fouling 
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Figure 5.2: Effect of Fouling Increment on the value ofLMTD 

The graph shows the effect of LMfD when the value of fouling resistance for 

heat exchanger E 11 is increased. The results are further simplified in the table below: 
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Table 5.4: Effect ofFouling Increment on the LMTD 

Maximum difference with the . 

Effect to the value of 

LMID 
Heat exchanger LMTD design value ("C) 

Value difference Percentage 

Constant EOl AlB 0 0 

Increase E08A/C 52.958 97.189 

E 11 AlB 42.095 49.564 

E08B/D 35.682 104.994 

E04A/C 23.520 50.353 

E04B/D 17.15 52.716 

E03A 1.316 2.598 

E03B 1.264 2.712 

E02B 0.668 0.931 

E02A 0.526 0.963 

Decrease E09 -8.228 -10.581 

E 10 -4.847 -7.289 

E05A/C -3.048 -5.635 

E05B/D -2.695 -5.634 

E06 -2.100 -3.711 

E07 -L631 -3.270 

The results above can be explained by referring to the process flow diagram 

(PFD) of the preheat train attached in the appendices. The value of LMID for heat 

exchanger E 01 is constant because it is independent of other heat exchanger in the heat 

exchanger network. The value ofLMTD for heat exchangers E 02, E 03, E 04, 

E 08 and E 11 are increases and the rest of heat exchangers are decreases. 

The value of LMTD represents the temperature driving force for heat to be 

transfer. In this HEN model, the amount of heat to be transfer only depends on the inlet 

temperature of crude and product in each of the heat exchanger. The higher the 

temperature difference between inlet of product and crude, the higher the temperature 

driving force, thus value ofLMTD will be higher. 
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The impact of fouling in heat exchanger E 11 must be analyzed from each heat 

exchanger to another individually. For example, in heat exchanger E 08, as mention 

earlier, there is increment in the inlet temperature ofLSWR to the heat exchanger. So the 

difference between the inlet temperature of crude and LSWR will be higher. This is why 

the LMTD value for heat exchanger E 08 is increases. 

For heat exchanger E 09, as more heat is transfer to the crude in E 08, so the 

outlet temperature of crude going to E 09 will be higher. The inlet temperature of the 

product stream (Diesel) is constant. Thus the inlet temperature difference between crude 

and product will be decrease and as a result, LMTD for E 09 will be decreases. 

The change of the value LMTD affect the most on the heat exchanger that are 

closely related to the E II because there are higher temperature difference at those heat 

exchangers. 
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Figure 5.3: Effect of Fouling Increment on the Heat Exchanger Duty, Q 

This graph shows the effect of fouling increment in E II to the heat exchanger 

duty, Q. Overall, the changing in heat exchanger duty value is more significant compare 

to the LMTD value. For simplicity, parts of the results are shown in the table below: 
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Table S.S: Effect of Fouling Increment on the Heat Exchanger Duty,Q 

Maximum difference with the heat 
. 

Effectto the value of Tlmtd Heat exchanger duty design value (kW) 

Value difference Percentage 

Constant EO! AlB 0 0 

Increase E08A/C 1072.12 97.46 

E08B/D 723.39 105.66 

E09 396.19 10.52 

E04A/C 338.04 50.49 

E04B/D 246.56 52.91 

E 10 152.28 7.14 

E05A/C 86.02 5.57 

E05B/D 77.50 5.67 

E06 62.35 3.56 

EO? 34.75 3.08 

Decrease Ell -2836.48 -68.38 

E03A -50.24 -2.65 

E03B -46.24 -2.65 

E02A "16.96 "1.00 

E02B -13.10 -1.01 

There are reduction in the heat duty value for heat exchangers E 02, E 03 and E 

11. The reduction for E 11 is the most significant that is more than 2800kJ!h. The value 

of heat duty for E 0 l is constant while the others heat exchangers are increase differently 

based on the relation with E 11. 

Generally, the trend of the graph for heat duty is almost the same with the LMTD 

graph except for heat exchanger E 11. The trend is almost the same because base on heat 

duty formula, Q=UAA.LlTLMID, heat duty is directly proportional with the LMTD value. 

Thus, when value of LMTD increases, heat duty Q will also increases. For heat 

exchanger E 11, the heat duty is decrease because as fouling resistance increases, the 

value of UA will be decreases. The reduction in UA value is higher compare to the 

increment in LMTD value. Thus heat duty for the heat exchanger will be decreases. 
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From the data collected, the net heat duty for the entire HEN is also calculated. 

The net heat duty is rererred to the total amount of heat transrerred from the product 

stream to the crude stream in all heat exchanger in HEN. The result is shown in the table 

below: 

Table 5.6: Difference in Net Heat Duty of entire HEN 

Difference ofNet heat 
Fouling increment(%) Net heat duty (kW) 

duty 

Design 47201.28 -
20 47162.58 -38.6995 

50 47099.87 -101.409 

100 47004.87 -196.409 

500 46396.71 -804.569 

1000 45948.24 -1253.04 

2200 45442.48 -1758.8 

From this table, as the fouling increase, the net heat duty for entire HEN is 

decrease. This indicates that the plant will require additional energy to make up the 

energy lost due to fouling. 

5.2.3 Effect of fouling resistance to the crude outlet temperature 

The result for effect of fouling resistance to the crude outlet temperature is shown in 

the Figure 5.4 below. The graph shows that the value of crude outlet temperature is 

increase for all heat exchanger except forE 01 and E 11. ForE 01, there is no change to 

the crude outlet temperature because the heat exchanger does not relate with the recycle 

of product stream. The value of crude outlet temperature is decrease in E 11 is because 

of the fouling resistance that is set in the simulation. As the fouling increase in the heat 

exchanger, the amount of heat to be transfer from product to crude will he decrease, thus 

the temperature of the crude stream will also decrease. The crude outlet temperature for 

heat exchangers are increase because fouling occurred at the last heat exchanger in HEN. 

Thus more heat exhange favored to happen in the initial part of the HEN. 
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Figure 5.4: Effect of Fouling Increment on the Crude Outlet Temperature 
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CHAPTER6 

RECOMMENDATION AND CONCLUSION 

From the analysis of results in chapter 5, it is conclude that the fouling 

resistance is inversely proportional to the heat exchanger performance. As the fouling 

resistance increases, the performance of the heat exchanger in term of heat duty, overall 

heat transfer coefficient and outlet temperature are changing differently based on the 

relations of the heat exchanger to the fouled heat exchanger. As the fouling accumulates, 

the poor heat exchanger performance will contribute to the higher cost of energy 

consumption and also utilities to decrease the temperature of products and also to 

increase the temperature of crude oil. 

It is recommended that the analysis of the fouling should be done by considering 

the other factors too such as the type of crude use, the types of the heat exchanger and 

etc. The detail consideration of other factor will produced more accurate analysis. It is 

also recommended that the result of heat transfer characteristic is interpreted in term of 

economical perspective. The low temperature of crude outlet from the last heat 

exchanger in preheat train will lead to high cost of energy to increase the temperature to 

the required value before the crude is red into the distillation column. This study will be 

more effective if the impact of fouling is shown in term of economic penalties. 
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APPENDIX B: Example of Heat Exchanger Datasheet 
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APPENDIX C: Example of Crude Assay Datasheet (Murban) 
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APPENDIXD 

• 

PROCESS FLOW DIAGRAM OF CRUDE PREHEAT TRAIN 
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