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Abstract

Heat exchangers operating in the power and process industries are fouled to a greater or lesser extent
depending on surface temperature, surface condition, material of construction, fluid velocity, flow geometry
and fluid composition. This fouling phenomenon is time-dependent and will result in a decrease in the
thermal effectiveness of a heat exchanger. Once the thermal effectiveness decreases to a minimum accept-
able level, cleaning of the equipment becomes necessary to restore the performance. In this paper, we
present a simple probabilistic approach to characterize various fouling models that are commonly encoun-
tered in many industrial processes. These random fouling growth models are then used to investigate the
impact on risk-based thermal effectiveness, overall heat-transfer coefficient and the hot- and cold-fluid
outlet temperatures of a shell-and-tube heat exchanger. All the results are presented in a generalized form
in order to demonstrate the generality of the risk-based procedure discussed in thispapee. Elsevier
Science Ltd. All rights reserved.

1. Introduction

Heat exchangers are extensively used in the power and process industries to transfer heat from
one fluid stream to another. The thermal-hydraulic performance of these heat exchangers
decreases continuously with time due to fouling, which is defined as the formation of deposits
on heat transfer equipment (HTE). These deposits may be due to sedimentation, crystallization,
organic or biological growths, corrosion products, or a combination of these effects [1-5]. In
addition, where the heat flux is relatively high, as in steam generators, fouling can lead to local
hot spots and ultimately may result in mechanical failure of HTE, and hence an unscheduled
shutdown of the plant. This may result in both economic and human loss, particularly in refineries
and thermal power plants. It is also important to mention that the designers and operators of HTE
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Nomenclature

A heat transfer area @n

C fluid capacitance rate (W K"

C, fluid capacitance ratioG,=C,,i/Crmay
f probability density function (h')
HTE heat transfer equipment

AH enthalpy change (J)

M median time (h)

m mass flow rate (kg tt)

n number of shell passes _
NTU number of transfer unitsNTU=UA/C,.,,)

P probability

p risk level

Q heat transfer rate (W)

R fouling resistance (AK W 1)

R . critical fouling resistance (AK W™1)
T temperature (K)

t

time (h)
te time constant (h')
U overall heat-transfer coefficient (WK 1)

Greek symbols

Yo scatter in time

£ heat exchanger effectiveness

@() cumulative normal distribution function
10} rate of deposition or removal ik J7 %)
Subscripts

C clean condition

c cold fluid

C,i cold-fluid inlet

C,0 cold-fluid outlet

d deposition

F fouled condition

f fouling

h hot fluid

h,i hot-fluid inlet

h,o hot-fluid outlet
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max maximum
min minimum
r removal

Superscripts

* asymptotic value
n exponent for the power-law model

must be able to predict performance variations as the fouling proceeds. The designer needs this
information to ensure that the user requirements with regard to preventive maintenance schedules
can be met, while the user of HTE must be able to formulate rational operating schedules for
equipment-management purposes.

To answer some of the questions of the designers and operators of HTE, a project is being
carried out at the King Fahd University of Petroleum and Minerals, Dhahran. One of the major
objectives of the project is to provide a risk-based mathematical structure to the heat exchanger
fouling problem and then discuss rational maintenance and/or replacement strategies to reduce
the overall maintenance and operating costs of heat exchangers subject to fouling. In this paper,
we present a risk-based (or probabilistic) approach to the analysis of fouling models and then
describe its impact on the thermal performance of heat exchangers.

2. Fouling growth models

The most widely accepted fouling model is based on the following general material balance
equation first proposed by Kern and Seaton [6]:

dR()_,
T =0 @

It should be noted that the rate of fouling depositigg,depends on the type of fouling mechanism
(sedimentation, crystallization, organic material growth, etc.), while the rate of fouling removal,

¢,, depends on both the hardness or adhesive strength of the deposit and the shear stress due ti
the flow velocity, as well as the system configuration. The rates of deposition and removal have
been given many different forms (depending upon the type and mechanism of fouling) by various
investigators. This time-dependent behavior of the fouling process can be characterized by a
number of fouling models proposed in the literature [1,2,5-8]. These models are the linear, power-
law, falling-rate and asymptotic fouling growth models and are discussed by Zubair et al. [9,10]
and Sheikh et al. [11]. The different models result from the large number of uncertainties associa-
ted with the fouling growth process, particularly when considering actual heat exchanger appli-
cations. Zubair et al. [9,10] and Sheikh et al. [11] have demonstrated that these models are proba-
bilistic in nature. In particular, the distribution of fouling resistance of heat exchanger tubes with
respect to time characterizes these random processes. They have shown that there is a considerabl
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scatter inRi(t) at any timet and, similarly, for any fixed value dR;, there is a corresponding
scatter in the values df Sheikh et al. [11] have also demonstrated that for a fixed risk level
p=P(R:(t)=R; ), whereR; is the critical acceptable value of fouling resistance, the time to reach
this critical value will be distributed as an alpha distribution for a linear fouling growth model,
i.e., whenR(t) is a linear function of time. It is important to mention that the probability distri-
bution function has two main indicators, namely the median tifgto reach the critical level

of fouling [i.e., p=0.50=-P(R(t)=R;)] and a scatter in the growth rate of the fouling process
described by a scatter parametér. As will be demonstrated in the following sections, these
two parameters have a significant impact on the thermal performance of heat exchangers.

2.1. Linear fouling model

Linear fouling behavior is generally associated with the crystallization of a well-formed deposit
consisting of a substantially pure salt that is largely uncontaminated by the presence of co-precipi-
tated impurities. The strong bonds characterizing the structure of such deposits prevent significant
removal rates. This hypothesis, initially proposed by Taborek et al. [1], was further supported by
the experimental work of Hasson et al. [12], Andritsos et al. [13] and Zubair et al. [14] while
investigating the mechanism of Cag€cale growth in laboratory experiments.

In this regard, a random linear fouling growth model for the case when the critical acceptable
value of fouling resistanc&; . is given can be expressed in terms of risk lepeand scatter
parameterno as

Rt P; ) =Rec(t/t, ) =R, [1— e @ (p)](UM). (2)

Fig. 1 shows the representation of Eq. (2) in terms of reduced tiilhend risk levelp for a
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Fig. 1. Reduced random fouling resistance versus reduced time for a linear model with different values of risk level
p and scatter parameter: (¢=0.20; and (b)V=0.30.
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given scatter parametefo.. Fig. 1(a) is forva=0.20, while Fig. 1(b) is fona=0.30. It can be

seen from these figures that for a low risk level, for example wirwh01 (i.e., 99% reliability),

the time to reach the critical level of fouling is much smaller than for the deterministic case (i.e.,
p=0.50). As expected, Fig. 1(b) shows somewhat more scatter and that an even smaller time is
required to reach the critical value at a given risk level compared with Fig. 1(a).

2.2. Power-law fouling model

The power-law fouling growth mechanism has been observed by Khan et al. [15] while
investigating the deposition of CaG@nder relatively high operating temperatures. Sheikh et al.
[11] have also shown that replicate corrosion fouling data of Somerscales and Kassemi [16] can
be represented by a power-law model.

A random version of the power-law fouling growth model on a linearly transformed time scale
can be expressed similarly to the linear fouling model as

Ri(t, P; /o) =R o(t/t, =R [1— e (p)]t/M", 3)

where the risk-based time to reach the critical fouling resistance for the power-law model is
expressed as

tp.=M/[1— o (p)] 2" 4)

It is important to mention thaWl and Vo represent the median time and the scatter parameter,
respectively, in a transformed coordinate system where the power-law model is treated as a lin-
ear model.

Fig. 2 illustrates the fouling resistance as a function of reduced tiMend the risk levep
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Fig. 2. Reduced random fouling resistance versus reduced time for a power-law model with different values of risk
level p, scatter parametef¥a=0.30 and power of the exponent0.50: (a) in a transformed-axis; (b) in a non-
transformedx-axis.
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for the scatter parameteix=0.30. In plotting this figure, the exponent for the power-law model

is taken axn=0.50, which is representative of corrosion fouling data presented in Ref. [16]. As

expected, this figure also shows that, for a low risk level, the time to reach the critical level of
fouling is much smaller than for the deterministic case (ijpe0.50). On comparing Fig. 2(a)

with Fig. 2(b), we note that the scatter in the growth rate in the transformed coordinate system
is different from that in the non-transformed coordinate system.

2.3. Falling-rate fouling model

Falling-rate fouling normally occurs in situations where the deposition rate is always greater
than the removal rate. This type of fouling mechanism has been observed by Muller-Steinhagen
et al. [17] while investigating the influence of operating conditions on particulate fouling. In
addition, the data of Bansal and Muller-Steinhagen [18] for crystallization fouling in a plate
exchanger also show a falling-rate trend. It should be noted that random falling-rate fouling data
on a linearly transformed time scale could be expressed in a manner similar to that of the power-
law model as

Rt Pi /) =R [IN(0)/IN(t, )] =R [1— | e {(p)lIn(t)/In(M). (5)

Here, also similar to the power law model, the parametérand Vo represent the median time

and the scatter parameter in a linearly transformed coordinate system, where the falling-rate model
is treated as a linear model. In this regard, the risk-based time for the falling-rate model is
expressed as

In(ty) =IN(M)/[1— o @™*(p)]. (6)

Fig. 3 shows the plot of reduced fouling resistafit@)/R; . as a function of reduced timévi
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Fig. 3. Reduced random fouling resistance versus reduced time for a falling-rate model with different values of risk
level p and scatter paramet&x=0.30: (a) in a transformegt-axis; (b) in a non-transformexgtaxis.
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and risk levelp for the scatter parametefr=0.30. In this figure we note again that the scatter
in the fouling growth rate in the transformed coordinate system is different from that in the non-
transformed coordinate system. Also, we notice that the time to reach the critical level of fouling
is large for a deterministic casp=50.50) compared with a low risk level case. For example, the
reduced time to reach the critical level for0.10 (i.e., 90% reliability) is about 30% that of the
deterministic case.

2.4. Asymptotic fouling model

An asymptotic fouling growth model is often observed in cooling water heat exchangers. In
these heat exchangers, the conditions leading to the formation of a scale layer of a weak, less
coherent structure are associated with the simultaneous crystallization of salts of different crystal
shapes, or with the presence of suspended particles embedded in the crystalline structure. Hassor
[19] has indicated that growth of such deposits is expected to create internal stresses in the scale
layer, so that the removal processes become progressively more effective with the deposit thick-
ness. Such considerations lead to an asymptotic scale thickness, at which the deposition is bal-
anced by the scale removal mechanism.

The random (or probabilistic) asymptotic fouling growth model on a transforyraxis can
be written as

In[1/(1—R/R?)] =Vte. @)

The above equation may be explained as a linear version of the asymptotic fouling growth model,
where the time constant is expressed in terms of the critical acceptable value of fouling resist-
anceR;. and the time to reach this critical valtig,, expressed as

te=t,JIN[1/(1-RJ/RF)] (8)
and

t.c=M/[1— | a®(p)]. ©)
Substituting the value af. into Eq. (7) and rearranging, we get

R, pi /o) =R [1—exp{—In[1/(1— R JR)][1 —/a®(p)]UM}]. (10)

Similar to the above two random fouling growth models, the paraméieasd Vo represent the
median time and the scatter parameter in a transformed coordinate system, where the exponential
fouling growth model may be treated as a linear model.

Fig. 4 shows the plot of fouling resistance as a function of reducedttivhend the risk level
p for the scatter parametefo=0.30. It should be noted that, in plotting this figure, we have
considered the critical fouling resistance as 95% that of the asymptotic value. This critical value
may be considered as a representative number for most cooling water heat exchangers when it
becomes necessary to clean the exchanger. As expected, this figure also shows that, for a low
risk level, the time to reach the critical level of fouling is faster than in the deterministic case
(i.e., p=0.50). Again, we notice in this figure that the scatter in the growth rate is much different
in the transformed coordinate system when compared with the non-transformed coordinate system.
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Fig. 4. Reduced random fouling resistance versus reduced time for an exponential model with different values of risk
level p and scatter paramet€x=0.30: (a) in a transformegaxis; (b) in a non-transformegraxis.

3. Thermal performance of a heat exchanger

The thermal performance of a heat exchanger is defined in terms of temperature effectiveness,
which is a function of the temperature difference of the hot- and cold-fluid streams. It normally
decreases with time due to increased fouling resistance. For the present risk-based thermal analysis
of a heat exchanger, we consider a shell-and-tube heat exchanger in a crude oil preheat train. The
relevant properties of the exchanger are shown in Table 1.

It should be emphasized that at any tintecbrresponding to a targeted risk leygebnd known

Table 1

Relevant properties for the fluid streams in the heat exchanger

1 Median timé, M (days) 100

2 Total heat transfer area of the heat exchangeim?) 1070

3 Maximum heat transfer dutyQm.. (MW) 27.40
4 Number of shell passes, 3

5 Number of tube passes per shell 2
6 Inlet temperature (cold streaml,; (K) 325.78
7 Inlet temperature (hot strean), ; (K) 478.00
8 Cold-side mass-flow raten. (kg h™2) 424,922

9 Hot-side mass-flow ratew, (kg h %) 230,600
10 Overall heat transfer coefficietic (W m—2K 1) 145.66
11 Critical fouling resistan¢eR; . (m? K W™1) 2.55¢10°®
12 Initial outlet temperature (cold streand), «(0) (K) 452.20
13 Initial outlet temperature (hot streand), (0) (K) 401.70

a The value ofM is not needed for linear, power-law and asymptotic fouling models.
b For an asymptotic fouling modeR; .=0.95R;.
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M andvVe, the effectiveness of an exchanger with $hell passes andr2 4n, 6n, etc. tube passes
can be expressed as [20]

Q(t, p; o) {[L=&x(t, p; \@)CY[1-24(t, P o)} ™1
xlt, P; )= - . e
Qrax  {[1-&:(t p; \@)CY[L-&x(t, P; )]} "-C,
wheree,(t, p; Vo) is the effectiveness of a heat exchanger with one shell pass and 2, 4, 6, etc.
tube passes; notice thaf(0, p; Vo) is the effectiveness of the heat exchanger at tintewhen

there is no fouling. It is given in terms of the time-dependent number of transfer units,
NTU(t, p; Ver), and the fluid capacitance rati€ECi/Cmay) as [21]

(11)

1+expENTU(L, p; o) (1+C?)¥7]
1-expENTUL p; |/0)(1+C2)¥

eult, p; \Jo)=2/ 1+C,+ (1+C2)v2). (12)

It should be noted that,,,, is related to the fluid stream which defines the maximum heat transfer
rate that will occur in a counter-flow heat exchanger with an infinite area. For example, when
‘max’ belongs to the hot stream and ‘min’ to the cold stream, we get

Thi~Thoft, P; \/gf)
C= .
Tc,o(ty p; \/&)_Tc,i

The NTU at any timet’ in the above equation is given by
NTUGE p, \o)=U(t, p; \o)A/Cy, (14)

where the time- and risk-dependent overall heat-transfer coefficient can be expressed by consider-
ing fouling as an additional resistance to heat transfer as

U(t; p, ) =Ud/[1+UR( p, o). (15)

U(t, p; V) and Ry(t, p; Vo) are the overall heat-transfer coefficient and fouling resistance at any
time ‘t' with an associated risk levgd and scatter parametefr, respectively; andJc is the

overall heat transfer coefficient under clean conditions. It should also be noted that the outlet,
hot- and cold-fluid temperatures are time- and risk-dependent. These temperatures can be easily
obtained by calculating their respective enthalpies from the following expression

Q(t; p, o) =MAH(E; p, ). (16)

After substitution of the hot- and cold-fluid temperatures in the Lee—Kessler equations [22], we
get after some simplification [23]

: m,
Qmax= m)[(al-rh,i +a,ThitasTh) —(aThotasThotasTh ), (17)

(13)
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where

Tho=Tndt, P; y00). (18)

a,, a, andag are the constants for a fluid stream, which can be determined by using the procedure
discussed in API Data Book [22], anf},;, Ty, are the hot-fluid inlet and outlet temperatures,
respectively.

A computer program was developed by Sheikh et al. [23] as a part of a general algorithm to
study the time- and risk-dependent heat exchanger effectiveness based on a linear random fouling
growth model of the exchanger. This program is further extended to incorporate power-law, fall-
ing-rate and asymptotic random fouling growth models in determining the heat exchanger’s effec-
tiveness, as well as to study the impact of fouling on the overall heat-transfer coefficient and hot-
and cold-fluid outlet temperatures.

4. Results and discussion

The time- and risk-dependent temperature effectiveness of the shell-and-tube heat exchanger
discussed in Section 3 are presented in Figs. 5-8 in a reduced coordinate system. In these figures,
reduced temperature effectivenes§t, p; Va)/e,(0) versus reduced tim&gM plots for different
risk levelsp and scatter parametsix=0.30, are plotted for linear, power-law, falling rate and
asymptotic fouling-growth models. The overall heat-transfer coefficient under clean condligion
the critical fouling resistanck ., the temperature effectiveness under clean conditions, and other
relevant properties are given in Table 1. It is important to mention that for the falling-rate model
we have considerell=100 days, while for the other models it is not required to assume the value
of median time in our calculations. Also for the asymptotic model, we have considered the critical
fouling resistance as 95% that of the asymptotic value.
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Fig. 5. Reduced temperature effectiveness versus reduced time for a linear random fouling model with different values
of risk level p and scatter paramet&ix=0.30.
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Fig. 6. Reduced temperature effectiveness versus reduced time for a power-law random fouling model with different
values of risk levelp, scatter parametef=0.30 and power of the exponent0.50.
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Fig. 7. Reduced temperature effectiveness versus reduced time for a falling-rate random fouling model with different
values of risk levep and scatter parameteiz=0.30.

As expected, the effectiveness of the heat exchanger degrades significantly with time indicating
that, for a low risk level (=0.01), there is about a 17% decrease in effectiveness for a linear
fouling model compared with clean conditions wheéi=1.00; however, for the deterministic
case p=0.50) under the same operating condition, the decrease in effectiveness is about 10%. It
should be noted that the behavioragft, p; Vr)/e,(0) is approximately linear farM=1. However,
for other random fouling growth models, the reduced temperature effectiveness has a non-linear
trend, representing somewhat similar behavior to that of the respective underlying random foul-
ing model.

The influence of fouling on the overall heat-transfer coefficient is shown in Figs. 9-12 for all
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Fig. 8. Reduced temperature effectiveness versus reduced time for an exponential random fouling model with different
values of risk levep and scatter parameteiz=0.30.
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Fig. 9. Reduced overall heat-transfer coefficient versus reduced time for a linear random fouling model with different
values of risk levep and scatter parameteiz=0.30.

four cases of random fouling growth models. Similar to the temperature effectiveness, the overall
heat-transfer coefficient degrades with respect to reduced time. For example, in the case of linear
growth of fouling (refer to Fig. 9) whetyM=1.00, i.e., when time is equal to the median time,
there is about 35% degradation in the valueUotompared with the clean condition p£0.10.

Similar trends are also noted for the other three fouling growth models; however, it is important
to mention that for a fixed value of cleanliness fadttt)/U the time to reach this critical value

will be different for different values of risk level. As expected, the deterministic cps@.30)

shows less degradation in the cleanliness factor compared with other risk levels. Similar to the
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Fig. 10. Reduced overall heat-transfer coefficient versus reduced time for a power-law random fouling model with
different values of risk levep, scatter parametefe=0.30 and power of the exponent0.50.
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Fig. 11. Reduced overall heat-transfer coefficient versus reduced time for a falling-rate random fouling model with
different values of risk levep and scatter parametenz=0.30.

reduced temperature effectiveness curves discussed above, these curves also show trends some
what similar to that of the respective underlying fouling growth model.

The variations in the reduced hot- and cold-fluid outlet temperatures versus reduceMime
for different risk levelsp and for scatter paramet&r:=0.30 are shown in Figs. 13-16 for linear,
power-law, falling-rate and asymptotic fouling growth models. As one would expect, the figures
show that for a low risk level (i.e., high reliability) when compared with the deterministic case,
the hot-fluid temperature is high while the cold-fluid outlet temperature is low, indicating that
there will be a lower heat transfer rate due to fouling compared with the deterministic case.
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Fig. 12. Reduced overall heat-transfer coefficient versus reduced time for an exponential random fouling model with
different values of risk levep and scatter parametez=0.30.
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Fig. 13. Reduced outlet temperature versus reduced time for a linear random fouling model with different values of
risk level p and scatter paramet&ir=0.30: (a) hot fluid; and (b) cold fluid.

Similar to the reduced temperature effectiveness and cleanliness factor curves, these curves alsc
show that trends in temperature variations are very similar to that of the respective underlying
fouling growth curve (refer to Figs. 1-4) discussed earlier in Section 2.

5. Concluding remarks

A probabilistic approach is discussed to characterize various fouling growth models in terms
of the risk levelp and scatter in the growth rate of the proce€ss The models investigated are
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Fig. 14. Reduced outlet temperature versus reduced time for a power-law random fouling model with different values
of risk level p, scatter parametefe=0.30 and power of the exponent0.50: (a) hot fluid; and (b) cold fluid.
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Fig. 15. Reduced outlet temperature versus reduced time for a falling-rate random fouling model with different values
of risk level p and scatter parametéir: (a) hot fluid; and (b) cold fluid.

linear, power-law, falling-rate and asymptotic. The non-linear models are transformed into a linear

coordinate system so that the probability distribution may be assumed as an alpha distribution in
the transformed coordinate system. These random fouling growth models are then considered in
the performance evaluation of a shell-and-tube heat exchanger in a crude oil preheat train to
demonstrate the influence of risk level and scatter parameter on important thermal parameters of
the heat exchangers. All the results are presented in graphical form to demonstrate the impact of
risk level in assessing the performance of a heat exchanger. For example, it is clearly demonstrated
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Fig. 16. Reduced outlet temperature versus reduced time for an exponential random fouling model with different
values of risk levelp and scatter parameteiz=0.30: (a) hot fluid; and (b) cold fluid.

that increasing the risk level for a given critical fouling thermal resistance increases the perform-
ance characteristics of the exchanger. Although the analysis presented in the paper is applicable
to shell-and-tube heat exchangers, the procedure can easily be modified to include other types of
heat exchanger such as double pipe, plate-and-frame and other compact heat exchangers.

It is important to emphasize that operating a heat exchanger at a critical risk level is important
in some applications such as a heat exchanger network in a refinery. In this regard, an acceptable
level of the overall heat-transfer coefficient will primarily govern the cleaning strategy. However,
in some situations, heat exchangers are not in a network or in a critical system; here, maintaining
the exchanger at a higher reliability level (or at a lower risk level) implies more frequent mainte-
nance intervals, which can often result in increased operation and maintenance costs. It is thus
important that, for situations in which the cost of operation and maintenance is an important
factor along with the exchanger reliability, the decisions about maintenance can be optimized by
developing cost as a function of reliability (or risk level) and then searching for a minimum cost-
based solution. This cost-based maintenance strategy is presented in the companion paper.
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