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1. Introduction

Heat exchanger has a crucial role as heat transfer equipment in many industrial processes.
Various designs have the flexibility to adapt into many industrial processes based on thermodynamics
properties, temperature, pressure, fluids, stream phase, density, chemical composition and viscosity
[1]. As a preheat train in crude oil refining process, it is fed by heating fluid in the network coming
from downstream products, which the recovered heat can be considered as energy saving [2].
However, fouling is the main problem in this specific application because details of physical and
chemical mechanisms in fouling formation are not clear and depend on several conditions.
Operational and financial from refinery unit are affected by formation of fouling as it causes losses in
thermal efficiency, constriction of pipe cross-section, increasing pressure drop as well as increasing
maintenance cost, which are major impacts from fouling formation [3]. Fouling formation occurs in
various forms, such as chemical reaction, corrosion, crystallization, particulate, biological,
solidification and combine fouling. It is pointed that variation of heat transfer surface and bulk fluid
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temperature are the fundamental variables which significantly lead to crystallization, chemical
reaction and biological fouling [4].

Some scrutinized studies have predicted the behavior of the fouling formation based on semi-
empirical model [5—-10]. All of them are based on two basic mechanisms, i.e., deposition and removal
terms, though it has different determination on physical mechanisms that drive the processes.
Operational variables such as temperature, flow velocity, concentration and material surfaces play
significant role on retardation of fouling and particulate deposition [4]. Deposit formation was
observed increasing with temperature at fixed flow velocity [11], but the surface temperature of
deposit usually decreases as fouling layer grows even though the wall temperature increase [12]. On
the other side, removal term is highly susceptible to flow geometry and this led the need to convert
a scaling factor by comparing experimental data toward different geometries [13]. The Other factors
are due to filterable solids present in the opportunity crudes, velocity driven deposit, crude
incompatibility, thermal degradation and solubility crude blending [14].

The practical fouling model needs to cover all aspects mechanism involved during fouling
development process. Recent consideration to describe deposition term may come up with
introducing temperature dependent of crude oil properties to involve physical processes factor [13].
The challenges also come from the shifting balance between thermal and hydraulic impacts of fouling
caused by ageing that may cause error in estimating foulant layer due to increase of thermal
conductivity [15]. Recent empirical study shows that fouling resistance phenomena also can be
described through Sigmoidal-Boltzmann model as it is based on recent data [16]. The practical
success of sigmoid-typed empirical model motivates the study of its phenomenology based on the
governing equations. Further analysis will be conducted in this paper.

2. Methodology
2.1 Reviews on Empirical Crude Oil Fouling Models

Generally, recent semi-empirical model is based on net fouling rate that is defined as difference
between the deposition and the removal rate,

dR
d_tf = Deposition — Removal ()

The first semi-empirical model was proposed by Ebert-Panchal [5] which is triggered by two
mechanisms. The first term is related to chemical reactions (deposition) and the second term related
to shear stress which remove the fouling (removal). The activation energy obtained from the gradient
of Arrhenius plot between fouling resistance rate and 1/T, each are in log-scale.

dR;
dt

—E

=nPr=933 exp (—) —yT (2)
RT,) VW

The shear stress in tube is given by,

2
r = f- (3)

and for Fanning frictional factor, there are various equations to estimate the value. In this case we
are using the equation proposed by Saunders [17].
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0.264 A
f=00035+ —7 (4)

Fouling assumed occurs in temperature film region, weighted from between wall temperature and
bulk temperature.

T; =Ty + 0.55(T,, — Tp) (5)

Ebert-Panchal model has been developed by Polley et al., [6], that criticize an exponent power of
Reynolds Number in deposition. Polley et al., expected that value of exponential power was 0.88
rather than 0.66 in the case of turbulent flow in circular pipe. Another modification from Ebert-
Panchal model is the shear stress is proportional only to Re®8® and temperature used in Arrhenius
exponential is depending on wall temperature instead of film temperature, which resulted in,

—E
=nPr=933 exp (_RTW) — yRe%8 (6)

dR;
dt

The model of Polley et al., has been improved by Nasr-Givi [7] by simplification of deposition term
that it depends only on Reynolds number with adjustable exponential power and Arrhenius
constants. Meanwhile, film temperature was implemented in this model rather than using wall
temperature. For removal term, Re®* is used which is replacing the Re®® term. Thus, the model
becomes,

dR

d_tf = nReP exp <R_Tf> — yRe%* (7)

Following that relation, Shetty et al., [8] proposed the use of effective temperature to find the
proper weight between surface and bulk temperature. In the study of Deshannavar-Ramasamy [9],
it is found that both temperature and flow rate affect the activation energy as determined by their
formula. Continuing the work from Saleh-Sheikholeslami [17,18], Farahbod-Karazhian proposed a
new fouling model which consider the operational pressure and velocity in deposition term.
However, Nasr-Givi model shows the simplest form among the existing models and this will be
involved in our proposed a new crude oil fouling model.

Recent study shows that fouling resistance tend to follow sigmoidal curve rather than linear curve
inherited by any existing semi-empirical model [16]. Various types of sigmoidal function already exist.
One of them is Sigmoidal-Boltzmann function which the time-function expression of Sigmoidal-
Boltzmann depend on the four-parameters as follows,

Ay — A,
y=4;+ t—t, (8)
1+ e( bs )

where A4, A, are the initial and final value respectively, t. is time characteristic of curve (midpoint
of curve) and by is time constant represents the gradient of slope near t..

Fouling resistance depends on heat transfer process and fouling mechanism accompanied by
itself. The observation of fouling resistance over time shows different characteristics. The strength of
deposition and removal terms play a role to determine these characteristics. The weaker the
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deposition term, fouling resistance curve will tend to be asymptotic, and stronger deposition lead to
shows the linear or fouling-rate curve [19]. The importance of Sigmoidal-Boltzmann function is, it can
cover three empirical trends of fouling resistance, i.e., asymptotic, linear and falling rate by choosing
appropriate parameters. Lower t. will eliminate initiation period and the curve tends to be
asymptotic. Another case where by is large such that the curve tends to be linear.

Therefore, based on these information of fouling curve and physical parameters (Figure 1),
empirical model cannot be neglected, such that a new model based on empirical model and
phenomenological model is proposed to predict crude oil fouling.

——— Linear

——— Falling rate
— Asvmfotic
——— Saw-tooth

Fouling Resistance

Growth
phase

Initiation
phase

v

/4

Time
Fig. 1. Fouling resistance curve

2.2 The Phenomenological Foundation

In this work, the fouling accumulation due to chemical reaction is described by the continuity
equation as,

My = My — My + mgen (10)

with, m; and mg,, are mass accumulation inside the control volume and mass generation which will
become as a source term from chemical reaction. The above equation can be expanded into first
order PDE and leads to continuity equation and then, species equation of reaction-diffusion. Thus,
based on Fisher-Kolmogorov-Petrowskii-Piscounov (FKPP) equation [20] which introduce R(Yf) =
hpuYy + kafz as a non-linear source term, the species equation is,

2y,

p— >
ot

O0x?

= pD—2 +R(Y}) (11)

where, h is flow constant, k is the reaction constants and D is the species diffusivity. The first term
in R(Y¢) is related to convective term and the second term is related to fouling mass generation due
to chemical reaction. Eqg. (11) can be expressed in lumped mass fraction as follows,
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(pYr), = hpu¥s + kpY}? — pC (12)

0%u

which the process is assumed as constant diffusion and is related to the fouling removal, Dﬁ =

—C. Thus, species conservation equation is rewritten as,

Yp = huY, + kY? = C (13)
or in another form, it is rewritten as,

Ve = (k¥ +a)(¥; ~ b) (14)

where a — kb = hu and ab = C. Integration of the above equations gives,

1 p l
— Y = ot (15)
f
l(ka +a) k(¥ —b)
here, %a + b = —1, then combine with a — b = hu resulting b = — (kk++hf) and a = k% —k
_ o [kthw)  (k+huw)? . . . L
Then, C =k [ 1 e ] The solution from this species equation is,
(5 + 8
a\k
Ye+ 1
\T "k _ A _ okt(y _ K (16)
In (Yf—b) =t or (Yf+k)—e (Yf b)

Since k = 1 is generally used in kinetics of fouling formation, the solution of mass fraction is given
by,

bet +a
= — (17)
et -1
Then, fouling mass fraction is expressed as,
bet +a
My = Meoc¥y = Meor | —r =7 (18)

The fouling mass here will contribute to heat conduction resistance, which the relation to the fouling
mass fraction is derived as,

ms My, (bet +a
Ly=—L=""% (19)
pA  pA \et—-1

yielding formulation of thermal resistance as follows.
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Ry

L 1 m bet +a
f tot< > (20)

CKPA KA pA \ et —1

with K is fouling thermal conductivity and A is heat transfer area.

The step now is to consider the energy equation. Since at the fouling growth state, the reaction
time has its own dynamics and much faster than heat transfer and hydrodynamic times. Thus, energy
equation can be observed in steady state balance as follows [21],

aT_oc 0 ( 8T) ,aT'+¢ (21)
Yox ror\Var) % ox dissp

with, a = p%, which a is heat diffusion coefficient, p is fluid density, 4 is fluid thermal conductivity
14

and ¢, is fluid specific heat. The two last terms are contribution of turbulent heat convection and
dissipation of mechanical energy in fluid due to shear stress. Substitute the velocity distribution of

. . r? . . 0T 0Ty
internal pipe, u = 2u,, (1 _r_Z) and assuming that flow is fully-developed, where ok
constant, then the energy balance gives,

10 ( 6T> 22Uy, 2\ 0T, N oT’ o (22)
—_ | r—]=— _— | — u’ R .

ror\ or a r2) ox ox dissp

It is important to mention that the considered turbulent flow is statistically steady or steady in the
mean variables which velocity and temperature time fluctuations is not zero and also averaged.
Integrate Eq. (22) twice with T(ry) = T and T(0) = finite, boundary conditions, the solution from
energy equation is,

T(r)=T,— + turbulence + dissipation (23)

__I_ _____
16 1671 4rf) ox

22U, 1é < 3 1r* 1r2> oT,,
Note that this research does not provide the reader to the rigorous derivation of turbulent solution
of convection problems since such solution do exist only for a few special cases [22]. However, the
essential phenomenology can be illustrated by extending the results of laminar cases which will arrive
at the similar result as in [23]. Thus, take average of Eq. (23) in r, yields,

11 u,,r¢ 0T,

Ty =Ts — 8« o T turbulence + dissipation (24)
or in another form,
11q"D
Ty —Ts, = — 3 7 turbulence + dissipation (25)
48 1
11U(T,,, — T,)D 26
T —Ts = — E(mA—S) + turbulence + dissipation (26)

Overall heat transfer coefficient can be developed and rearranged into
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My 2o 1 4 turbutence + dissipati 27
rARIT urbulence + dissipation (27)
or
Ly o M+ turbulence + dissipation — ~ 28
rebT u + turbulence + dissipation —— (28)
Remember that Ry = L—f, then,
KfA
Rf = Nu + turbul + dissipati ! (29)
= —agg Vi T turbulence + dissipation — ——

For any general empirical formula for turbulent flow, Nusselt Number can be replaced as

1
Ry = MRe“Pr? + turbulence + dissipation — 1 (30)

As it is discussed by Incropera et al., and Churchill, the constant M and turbulence term in Eq. (24)-
(30) are depend on considered fluid properties and geometries that can be adjusted by experimental
data. In this case, the time-averaged of fluctuations is also considered with the combination of
mechanical dissipation. It is then affecting fouling chemical reaction or it is directly depended on
Arrhenius reaction constant as parametrization of the last three terms which is expressed by,

R; = (NRePr? + B) f(t)e‘% (31)

E
where we take M = Nf (t)e RrT and f(t) will be determined later. Thus, by relating Eq. (20) and (31),
deposition and removal terms of fouling resistance is confirmed to follow sigmoid-typed functions.

2.3 The Proposed Model

In this section, we start to combine phenomenological model of fouling and Sigmoidal-
Boltzmann. Consider, the model proposed by Nasr-Givi, by taking addition information that removal

E
also depends on Arrhenius reaction term, let y = ke T, Eq. (7) can be expressed as
de E

= = (nsRef — ksRe®*) %f(t)e(_ﬁ) (32)

while Sigmoidal-Boltzmann equation in differential form is shown as in the following (response
variable or Y-variable set as Ry),

(t_tc)
dR e bs
el _
dt (42 — A1) (t—te) 2 (33)
bg (e bs +1>
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Relate Eq. (32) and (33), it can be confirmed that,

A; = ksRe%* (34)

A, = nsReP (35)

b, =s (36)
(t-to) 2 (t-to) (t=t)

In this case, the exponential term is expanded as (e bs + 1) =e b +2 b5 + 1, which

(t=tc) 2 (t=to) ,t=te) (t=tc)
approximation (e bs +1) =e bs is taken by assuming that e bs > 2e bs + 1. Thus,

proceeding further as,

(t;tc)

e bs _E

—=o = f(t)e( RT) (37)
62 bs

and we arrive at the following expression,
t, = gandf(t) =et
= = (38)

It is shown that the initial and final parameters, A; and A,, depend on Reynolds number which
the difference is correlated to empirical fitting coefficients. Available data shows that the influence
of shear stress which is represented as removal terms in Eq. (2) and (6) is little significant. This
indicates that the influence of chemical reaction to both deposition and removal terms affect the
initial and final parameters, and should be at the comparable values as t — . At the growing state,
the fouling deposition is generally much greater than its removal. Take an example when deposition
is dominant, the curve tends to be linear if by is large. This will be resulted in a larger s value because
deposition term is mainly driven by physical parameter including energy activation, film temperature
and Reynolds number. The time characteristics t. depends on energy activation which has unique
properties for each crude oil. Bulk temperature is taken into account to represent the fluid
temperature for initial deposition. The parameter b, is thus can be interpreted as a time constant
characteristic of Sigmoidal-Boltzmann curve which control the growing state as,

(ksRe®*) — (nsReP)

(t—(%)) (39)
1+e

Therefore, the parameters of the sigmoid-typed fouling model are physically justified from the
derivation of the governing equations. The main parameters such as Reynolds Number, fluid bulk
temperature and the activation energy will be calculated based on specific crude oil used in the
validation.

Al_

Rf=A, + = (nsReﬁ) +

2
1+ (59
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3. Results

The proposed model is validated by actual crude oil data of Petronas crude preheat train. The
preheat train schematic is shown in Figure 2 below which there are eleven heat exchangers in the
network. Three heat exchanger configurations set crude oil flow in shell side, and the remaining are

configured in tube side.

Physical parameters (Re and Tf) are obtained from averaging each operational condition. The
activation energy used in this study is 18 kJ/mol based on calculation. Generally, the value of
activation energy ranges from 20-55 kJ/mol. Complex factors due to physical process, chemical
reaction, crude composition, and temperature affect the activation energy. The result is under
common range because physical process factor is not separated from analysis. In other words, all
processes are naturally involved. Figure 3 shows the energy calculation in crude oil study.

Storage

Crude Oil

130°C

Top P/A
l 122°C
E-01 )
l 89°C
Kerosene
] l 157°C
l 87°C
Light Kero P/A
v 141°C
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172°C
E-04

130°C

157°C

Diesel
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’ j e |)
Y l 163°C
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[T e D
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i l 141°C
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Fig. 2. Schematic diagram crude preheat train
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Fig. 3. Energy calculation in crude oil study

Note that film temperature in this study is approximated by average inlet-outlet crude
temperature in each exchanger. Bulk temperature is calculated using the following formula [8],

1
T, = E (Tcrude,in + Tcrude,out) (40)
and wall temperature (used to calculate film temperature) can be approximated using [24],
q// (41)

TW=Tb+

hcrude

Based on temperature profile data (Figure 4), this study shows that film temperature is near to
bulk temperature with average increment about 3.8°C. It means that q"' /h ;4. in Wall temperature
is not significant which T,, = T}, such that 0.55(T,, — T,) term in film temperature is neglected,
resulted in Ty equal to Tj,.

After validating model with data by fitting, we classify each heat exchanger in three fouling
resistance curves, i.e. exponential, sigmoidal, dan linear. There are four parameters of the proposed
model (s, B, k and n) (Table 1), each of which represents a Boltzmann Sigmoidal mathematical
parameter associated with physical parameters, while the previous model has three parameters (n,
B and y). The constants s and B in all models have the same physical meaning, namely s is the
deposition rate constant for the formation of fouling, while B is the Re power function for the
deposition rate. Parameters k and y are removal rate constants which, the values are related to
Arrhenius chemical reaction (besides Re) while in the previous model it only involved the Re factor
(in the Nasr-Givi model) or shear stress (in the Polley model). The constant s is much larger than k
indicating the tendency of the fouling deposition process to dominate the removal process. A slight
attenuation of deposition, thus causing a sigmoid or exponential curve, does not imply that
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deposition is weaker than removal. However, the deposition was not strong enough to initiate a
linear fouling trend in HE. In addition, the calculation results show that the value of k is very small, so
that in most cases the value is zero. This phenomenon can be interpreted that the removal process
that occurs does not play a significant role in the process of developing fouling in HE as it is concluded

in [18].
300
250
<]
A
o]
200 a
N
3 .
= A
2 ]
B 150 - | = A T.bulk
a
E‘ — = B T.wall
2 - = T.film
100 =
]
.-
<]
A
50
0
1 2 3 4 5 6 7 8 9 10 11
Exchanger humber
Fig. 4. Temperature profile
Table 1
Constant parameter of each heat exchanger
No. New Model Parameter Trend
1/s 8 K n
HE-01 3,29,E-03 -0,63 6,27,E-10 0,14 Exp
HE-02 3,77,E-02 -0,48 0,00,E+00 0,07 Exp
HE-03 4,70,E-02 -0,46 1,60,E-06 0,11  Sigm
HE-04 1,61,E-02 -0,43 0,00,E+00 0,07 Sigm
HE-05 1,97,E-02 -0,44 0,00,E+00 0,11  Sigm
HE-06 1,03,E-02 -0,43 0,00,E+00 0,09 Lin
HE-07 2,66,E-02 -0,46 1,08,E-06 0,16  Sigm
HE-08 2,66,E-02 -0,44 0,00,E+00 0,24  Sigm
HE-09 9,34,E-03 -0,31 0,00,E+00 0,19 Exp
HE-10 4,48,E-02 -0,37 7,00,E-07 0,82 Sigm
HE-11 2,89,E-02 -0,39 0,00,E+00 0,22  Sigm

The other two parameters, namely B and n have different characteristics. The B value in all cases
is negative and 0.44 in average, which has a correlation with the Re deposition rate. Higher Reynolds
number implies decreasing fouling rate. While the value of n is related to the Arrhenius reaction of
the deposition process which the dominating factor is T. Higher 1/T value, the smaller the n value.
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However, the justification of the relationship between physical parameters and model parameters
will be discussed further using the partial least squares (PLS) method.

Exponential HE fouling resistance curve are found in HE-01, HE-02, and HE-09. The exponential
curve occurs because the fouling deposition process is stronger than the removal. In addition, the
initiation phase occurs in a relatively short time (several days) so that in the initial phase of the HE
operation it has entered the transport and deposition stages. Figure 5 shows the resistance curve
exponential in HE-02.

HE-02

== Plant Data

Proposed Model — ====Nasr&Givi Model e e ePolley et al. Model

1,40€-02

1,20E-02

1,00E-02

8,00E-03

6,00E-03

4,00E-03

Fouling Resistance (m?K/W)

2,00E-03

0,00E+00 *
1 51 101 151 201 251

Time (days)

Fig. 5. Resistance curve exponential in HE-02

The character of the linear HE fouling resistance curve is found in HE-06 and HE-11. The linear
trend is not purely linear like the previous models. It is categorized as linear because the slope of the
curve around the midpoint of the sigmoid curve is quite large. The fouling characteristics of the two
HEs explain the development process at the beginning of the operation period. Figure 6 shows the
resistance curve linear in HE-06.

The sigmoidal HE fouling resistance curve characters are found in HE-03, HE-04, HE-05, HE-07,
HE-08 and HE-10. Most of the fouling curve trends are sigmoidal, so it can be concluded naturally
that fouling tends to be sigmoidal rather than linear (as claimed by previous models). The sigmoidal
curve occurs with a similar explanation to the exponential, but the distinguishing characteristic is the
longer initiation stage. Figure 7 shows the resistance curve sigmoidal in HE-08.
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Fig. 6. Resistance curve linear in HE-06
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Fig. 7. Resistance curve sigmoidal in HE-08
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Previous models only can predict linear curve tendency, but fails to represent sigmoidal and
exponential. In overall, value R? shows better result in proposed model instead of previous model
(Table 2). The proposed model is more flexible to capture non-linearity curve instead of previous

models.

Table 2
Value of R? comparison Model
New Previous
Model Model
HE-01 76,42% 67,14%
HE-02 94,99% 46,19%
HE-03 87,02% 27,70%
HE-04 94,15% 82,85%
HE-05 96,16% 93,56%
HE-06 92,79% 84,76%
HE-07 88,16% 7,55%
HE-08 96,25% 87,88%
HE-09 98,44% 97,60%
HE-10 96,67% 73,58%
HE-11 86,84% 86,26%

Direct determination of each parameter dependencies and their influence on one another is
difficult since some constants, such as s and k have low sensitivity. Likewise, for example, the value
of Re varies from one heat exchanger to another. In this case, the PLS statistical method is used to
reveal the dependencies such that three principal components used in study to capture most of data
variability (>0.8). It is calculated that the cumulative R? has reach a value of 0.835, while individual
R? in each component is 0.232, 0.389, and 0.275 for first, second and third principal component,
respectively. The result can be expressed in Figure 8 below, where fouling resistance as target
variables, and the remains parameters is dependent variables. Comparing three of principal
component needs to analyse graphical results in three plots, i.e. the first toward the second, the
second toward the third, and the first toward the third. To simplify the analysis, we summarise into
regression model which consist three principal component (one row represent one principal
component), where B matrix is a weighting value of each variable.

0.4+

0.2+

@

Rf avg @
(O

Wi
B

wrc[2]

-0.4-

-0.64

087 @re

@0

@1film (k)

0

T
0,2

T
04

we[l]
R2x[1] = 0,232 R2x[2] = 0,389

T
0.6

SIMICA 141 - 1370572023

20:02:20 (UTC+7)

Fig. 8. Loading plot first principal component (X-axis) and the seconds

principal component (Y-axis)
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The results of the regression model formed from PLS can be written in mathematical form as

follows,
Y =Yconse + XB (42)
R¢[1]
where matrixY = |Rf[2]|, X =[Re T a B Kk 0],
R¢ (3]
—0,25 —-0,44 —0,497
0,08 0,05 0,10
’ ’ ’ 2,61
0,48 0,51 0,53 1S
B=1034 043 056 2" Yeonst = [;2}]
0,30 0,24 0,12 ’
-0,17 -0,33 —0,32

and there are three regression outputs for each tested principal component. Parameters of Ry and s
tend to always close each other (redundant) in all principal component scenarios. This means that R
highly depends on s with positive correlation. This result consistent with the previous fitting result,
where s that represent deposition process is more dominant than removal. Another result regarding
physical variables shows that R also negatively correlated with Re. It means that higher Re value
leads to lower R;. Note that Re linearly depends on flowrate which, that higher flowrate causes
reducing fouling resistance because removal process is slightly involved. Several variables, such as n
dan Re, have small correlation. The constants f and k are weakly correlated though it must be
positively correlated. It is similar to bulk temperature T which has a weaker effect to fouling
formation.

Ebert-Panchal model using laboratory and pilot data plant within film temperature range of 370-
400°C [25]. Polley et al., and Nasr-Givi used the same refinery data, i.e. from Knudsen test, Exxon
refinery data, Shell Wood River refinery data, and Shell Westhollow data [5,6]. These data recorded
bulk temperatures of 223-371°C and surface temperatures of 232-467°C. Farahbod-Karazhian also
using Exxon refinery data in their model [10]. Shetty et al., used their experimental rig data, capturing
fouling in film temperature range about 177-263°C[8]. Deshannavar-Ramasamy used bulk
temperature in range of 80-100°C to study fouling characteristics [9]. The concern of previous works
is using narrow range of temperature especially in high degree temperatures. It is not practical
because the operational temperature starts from low (near ambient temperature) to high (before
entering furnace), in the actual crude preheat train. It is supported by Petronas data which is ranging
from 39 to 232°C.

4. Conclusions

The fouling formation is described by sigmoid-type function in this research. The model validity
is compared to other models by fitting and adjusting its coefficients against the wide range data. It is
found that the results are consistent with previous fitting, where s that represent deposition process
is much dominant than removal. Regarding to physical variables, it is shown that Ry is negatively
correlated with Re which means that the higher Re leads to lower Ry.

It is also concluded that using bulk temperature is simpler and more applicable compared to film
temperature, because it needs measurement of wall temperature in the first place. On the other
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hand, bulk temperature is widely known and easy to measure because has a direct relation with inlet-
outlet crude temperature in each heat exchanger.
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