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Abstract

A novel methodology is developed for predicting the thermal impact of fouling

in Steam Generators (SG). The originality of this methodology is to resort to

fractal and statistical theories to depict the porous structure of the deposits. The

proposed Statistical Fractal methodology (SF) accounts for the heat transfer

driven by the liquid-vapor phase change inside the deposits. It simulates the

complex intricate networks of sinuous open pores of different scales, with liquid

inflows (capillaries) and vapor outflows (steam-chimneys). The multi-layered

representation of fouling deposits allows to mimic aging mechanisms such as

densification which occur during SG operation.

The SF predictions are consistent with experimental data. The deposit thick-

ness and the profile of porosity are found to be the most influential fouling

properties on the heat exchange. The methodology is capable to simulate the

experimentally observed heat transfer enhancement for thin and porous deposit

as well as the heat exchange decline for thick and dense deposit.
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1. Introduction

Fouling refers to the unwanted deposition of material from a flow stream on

a surface. For example, in nuclear power plants, fouling may stem from the

deposition of corrosion products like magnetite (Fe3O4) on the surfaces of the

shell and of the tubes of Steam Generators (SG).5

Fouling is usually detrimental to the heat transfer processes. As a result, the

overall thermal performance of the heat exchanger declines. To alleviate this

problem, the heat transfer equipment must be regularly cleaned. The cleaning is

usually carried out by mechanical or chemical means. But in the broad context

of the power and process industry, this maintenance action is complex, time10

consuming, and expensive. It must be carefully planned and executed for a

successful outcome. This is why it is imperative to understand and to predict

the fouling process.

The impact of fouling has been thoroughly investigated for deposits on nuclear

reactor fuel rods named Chalk River Unidentified Deposits (CRUD). Cohen [1]15

developed a one-dimensional heat and mass transfer model in which the fouling

deposits are split into two distinct regions: one deposit region is populated

with small pores filled with liquid and the other is populated with chimneys

filled with steam. Pan et al. [2] extended the work of Cohen by developing

a two-dimensional (axial and radial) heat and momentum transfer model for20

porous deposits. Later, Short et Al. proposed a model that employs fractals

to estimate the deposit properties in CRUD [3]. The energy and momentum

equations are solved for two-dimensional steam chimneys surrounded by CRUD

deposits. The chimneys are modelled as repeatable elements called fractals.

More recently, Yeo and No [4] developed a heat transfer model that considers25

fouling deposits as a stack of two layers: in the top layer, the fluid is heated up

to the saturation temperature and, in the bottom layer, boiling prevails. The

boiling phenomenon is modelled with an empirical correlation. Similar to the
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Short et al. model, a fractal approach was adopted to characterize the deposits

and to estimate the deposit permeability.30

In all the aforementioned studies however, the complexity of the microstructure

of the fouling deposits on the heat transfer mechanisms was ignored. For exam-

ple, the liquid-vapor circulation, which is dependent on the pore-size distribu-

tion of the fouling deposit, was not taken into account, nor was the percolation

phenomenon.35

On the other hand, Uhle [5] developed a one-dimensional model dedicated to the

prediction of the fouling deposits in SG of nuclear power plants. In this model,

the porous structure of the deposits is comprised of small and large pores. Both

small pores and chimneys are allowed in the same deposit area and the porous

structure is represented by a pore-size distribution function. Small pores are40

filled with liquid by capillary action whereas large pores are filled with vapor.

Boiling occurs at the menisci between small and large pores.

Uhle’s model has been relatively successful. But it suffers from two limitations.

First, it relies on the pore-size distribution of the deposit. This physical property

is, a priori, unknown. Moreover, it is difficult to measure. Second, the model45

assumes, wrongly, that the fluid is in a boiling state inside as well as outside

the deposits all over the SG. The present paper remedies these limitations.

In the next section, the heat transfer equations are introduced and the effect of

fouling is elucidated in terms of an overall heat transfer coefficient. The thermal

conductivity and the permeability are developed in terms of the microstructural50

deposit properties in section 3. These thermal-hydraulic parameters are esti-

mated with a novel fractal characterization methodology in section 4. The

overall heat transfer model is then validated in section 6. Finally, the model is

thoroughly tested and its predictions are discussed in section 7.
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Figure 1: Schematics of the fouling deposit

2. Microscale heat transfer model for the deposit55

The thermal performance of the fouled SG is assessed in terms of an overall

heat transfer coefficient hfouled defined as:

hfouled =
q
′′
w

Tw − T∞
(1)

q
′′
w is the total heat flux from the surface of the SG-tubes to the flow stream. Tw

is the temperature at the surface of the SG-tube and T∞ is the mean temperature

of the flow stream.60

In order to estimate the overall heat transfer coefficient hfouled, a one-

dimensional (1D) microscale heat transfer model is developed for the deposit.

This model can then be coupled to a full thermal-hydraulic code aimed at the

numerical simulation of industrial steam generator. The term microscale refers
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here to the scale of the fouling deposit whose thickness is of the order of mi-65

crometers. The temperatures Tw and T∞ in Eq. 1 characterize the fluid-solid

interface at the steam generator scale since the fouling deposit is too thin to be

represented. However, at the microscale, the temperature in the deposit ranges

from that at the surface of the tube wall to the temperature that prevails at the

fluid-deposit interface. If x represents the radial distance from the tube wall,70

Tw = T (x = 0) is the deposit temperature at the tube wall, T∞ = T (x → ∞)

is the mean temperature of the flow stream and Tdep = T (x = ldep) is the

deposit-fluid interface temperature for a deposit of thickness ldep.

The total heat flux q
′′
w and the fluid temperature outside the deposit T∞ are

assumed to be known. They are inputs to the microscale model. The aim of75

the microscale model is to estimate the deposit temperature distribution T (x)

and therefore the temperature at the tube wall surface Tw. Tw is required for

estimating the overall heat transfer coefficient hfouled (Eq. 1). hfouled takes

into account the heat transfer through the deposit as well as the heat transfer

at the deposit wetted surface. The originality of the present methodology is80

to combine an extension of Uhle’s model [5] for the thermal-hydraulic behavior

with a fractal approach that represents the microstructure of the fouling deposit.

The fractal model enables the characterization of the complex fouling deposit

structure with a minimum number of measurable parameters. Moreover, the

present heat transfer deposit model accounts for the percolation phenomenon.85

Uhle’s model is one-dimensional in the x-direction (x ∈ [0, ldep]). It considers

the fouling deposit as a porous matrix in which the bulk fluid can enter in liquid

phase, evaporate, and escape in vapor phase (Fig. 1). Uhle’s model [5] rests on

the following assumptions:

� The deposit is a porous matrix made of magnetite (Fe3O4). This assumption90

rests on experimental observations [6];

� The porous volume of the deposit is made of cylindrical pores. These pores

obey to a statistical pore-size distribution ϕ;
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� The liquid is in a saturated state inside and outside the deposits. It undergoes

a liquid-vapor phase change in the deposit by absorbing the latent heat of95

vaporization HB ;

� The mass-flow rates entering and leaving the deposit are equal. Mass is

conserved;

� The liquid-vapor interface is shaped as a meniscus of radius R∗ (Fig. 1). The

liquid-vapor interface allows to discriminate two types of pores: the pores100

whose radius is smaller than R∗ are filled with liquid (capillaries) and the

pores whose radius is larger than R∗ are filled with vapor (steam chimneys).

The present methodology improves Uhle’s model with the following three addi-

tional assumptions. These assumptions stem from observations made on indus-

trial SG:105

� The fouling deposit is made of superimposed layers of thickness ∆x with

different structural properties. The structural properties of the deposit are

dependent on x. Indeed, measurements made on deposits [7],[8] revealed that

layers near the tube surface are dense and layers near the fluid stream are

porous. This internal structure may be attributed to the densification of the110

deposit layers over time;

� Some pores are closed and some are open. The proportion of open pores is

dependent on the layer. Only open pores have a cylindrical shape and follow

the statistical open pore-size distribution ϕ. Closed pores are small (their size

is reduced by precipitation and clogging phenomena) and, as a result, they115

are filled with liquid only;

� The flow stream is not necessarily saturated outside the deposit. It is usually

the case when it enters the steam generator.

Note that the thickness of the deposit ldep is of the order of 100 µm. This

number is small with respect to the steam generator tube radius Rtube which is120
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of the order of 1 cm. As a result, the equations for the 1-D microscale model

can be laid out in terms of Cartesian coordinates (instead of radial coordinates).

Furthermore, the following structural parameters for the deposits are defined

(all surface areas are reported per unit length of tube):

� Sdep is the surface area occupied by the deposit layers. It is assumed to be125

constant;

� Sp(x) is the surface area occupied by the pores for layer x;

� φ(x) =
Sp (x)

Sdep
is the surface fraction of pores at layer x. It represents the

surface porosity and it is assumed to be equal to the volumetric porosity in a

deposit layer of thickness ∆x;130

� Sop (R, x) is the surface occupied by the open pores with a radius less than

R and for layer x;

� Sop(x) = Sop (R→ +∞, x) is the surface occupied by all the open pores for

layer x;

� Sm(x) = Sdep−Sop(x) is the surface occupied by the deposit matrix for layer135

x;

� φop(x) =
Sop(x)

Sdep
is the open porosity. It is the surface fraction of the open

pores for layer x;

� ϕ (R, x) =
Sop (R, x)

Sop(x)
is the cumulative open pore-size distribution.

Referring to these definitions, the surface occupied by the open pores with a140

radius R is given by:

∂Sop(R, x)

∂R
dR = Sop(x)

∂ϕ

∂R
dR = φop(x)Sdep

∂ϕ

∂R
dR (2)

The distinction between the open pores filled with liquid and the open pores

filled with vapor can be obtained from the meniscus radius R∗:

7



� Slop (x) = Sop (R∗, x) = Sop(x)ϕ (R∗, x) is the surface occupied by open pores

filled with liquid;145

� Sgop (x) = Sop (x)−Sop (R∗, x) = Sop(x) (1− ϕ (R∗, x)) is the surface occupied

by open pores filled with vapor.

The deposit temperature T may be obtained from a boiling dominated energy

balance for the deposit and the boundary conditions for the heat flux:





kdep(x)
d2T

dx2
= ΠB(x)

− kdep
dT

dx

∣∣∣∣
x=0

= q
′′
w

− kdep
dT

dx

∣∣∣∣
x=ldep

= hdep
(
Tdep − T∞

)
(3)

kdep is the effective thermal conductivity of the deposit populated with pores150

which will be determined with the statistical fractal methodology (section 3.1).

hdep is the heat transfer coefficient between the deposit surface and the bulk

fluid. It is obtained from a saturated/subcooled flow boiling correlation (Liu

and Winterton’s correlation [9]) for Tdep > TB . For Tdep < TB , a correlation for

forced-convection heat transfer (Dittus-Boelter’s correlation [10]) is invoked.155

ΠB is a thermal sink term which corresponds to the boiling power density evacu-

ated by the boiling phenomenon in the open pores. Using the volumetric boiling

coefficient αB(x), ΠB expresses as:

ΠB =





αB(x) (T (x)− TB (x)) , if T (x) ≥ TB(x)

0, else
(4)

Note that the boiling temperature TB is a function of the surrounding pressure

and thus of x. αB is given by the Kovalev’s analytical correlation [11]:160

αB(x) = CKovφop(x)2
ϕ (R∗, x)√

R∗

∫ +∞

R∗

1

R

∂ϕ

∂R
dR (5)
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CKov is a constant which depends on the physical properties of the liquid phase

[11].

The volumetric phase change coefficient αB(x) depends on the microstructure of

the deposit since the aforementioned analytical correlation involves the fraction

of open pores φop(x) and the cumulative open pore-size distribution ϕ (R, x).165

This coefficient is also coupled to the hydraulics via the radius meniscus R∗.

The latter is estimated from the Laplace’s relation:

Pg(x)− Pl(x) =
2γ

R∗(x)
(6)

Pl(x) and Pg(x) are the liquid and vapor pressures respectively. γ is the surface

tension.

Assuming a steady state and modelling viscous friction with Darcy’s law, the170

vapor pressure Pg(x) and the liquid pressure Pl(x) are estimated from the mo-

mentum balance equation for each phase:





dPl
dx

=
µl

Kl(x)
Vl

dPg
dx

=
µg

Kg(x)
Vg

(7)

µ refers to the dynamic viscosity. K represents the permeability. The latter

is a hydraulic structural property which will be determined with the statistical

fractal methodology (section 3.2).175

The Darcy vapor velocity Vg can be estimated since
dVg
dx corresponds to the

volume of vapor produced by the phase change between x and x+ dx. Vg(x) is

obtained from the solution of the following equation with the boundary condition

Vg(0) = 0:

ρgHB

dVg
dx

= ΠB(x) (8)

Note that HB and ρg are dependent on the local thermal-hydraulic conditions,180

that is, they vary with respect to the x-coordinate.
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The liquid velocity Vl(x) is coupled to the vapor velocity Vg(x) through the

local mass conservation equation. Since both liquid and vapor Darcy velocities

are set equal to zero at the surface of the tube (Vl(0) = Vg(0) = 0), we obtain:

Vl(x) = −ρg
ρl
Vg(x) (9)

This relation indicates that the liquid and the vapor flow in opposite directions185

inside the deposit (Fig 1).

The boundary condition used for the liquid pressure is:

Pl(ldep) = P∞ (10)

For the vapor phase, Equation 6 with x = ldep is retained. The radius R∗dep =

R∗(x = ldep) corresponds to the limit between capillaries and steam chimneys at

the top layer x = ldep. This limit is determined numerically from the statistical

fractal methodology (section 4.3).190

Note that in this heat and mass transfer, the contribution of the convective

transport has been neglected. This assumption is mainly based on the value of

Reynolds number, less than 1 due to the small radius of pores.

3. Effective thermal-hydraulic properties of the deposit

3.1. Effective thermal conductivity kdep195

The present thermal conductivity model is based on Zhu and Li’s work [12]. It

takes into account however, both liquid and vapor phases in the porous struc-

ture, the percolation phenomenon and the presence of open and closed pores in

the porous structure of the deposit.

As in Uhle’s model, it assumes that open pores with radii larger than R∗ are200

filled with vapor (steam chimneys) and pores with radii smaller than R∗ are filled

with liquid water (capillaries). The overall conductive resistance is comprised

of three paths (Fig. 2):
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Note that HB and ⇢g are dependent on the local thermal-
hydraulic conditions, that is, they vary with respect to the
x-coordinate.240

The liquid velocity Vl(x) is coupled to the vapor velocity
Vg(x) through the local mass conservation equation. Since
both liquid and vapor Darcy velocities are set equal to zero
at the surface of the tube (Vl(0) = Vg(0) = 0), we obtain:

Vl(x) = �⇢g

⇢l

Vg(x) (9)

This relation indicates that the liquid and the vapor flow245

in opposite directions inside the deposit (Fig 1).

The boundary condition used for the liquid pressure is:

Pl(ldep) = P1 (10)

For the vapor phase, Equation 6 with x = ldep is retained.
The radius R⇤

dep = R⇤(x = ldep) corresponds to the limit
between capillaries and steam chimneys at the top layer
x = ldep. This limit is determined numerically from the250

statistical fractal methodology (section 4.3).

Note that in this heat and mass transfer, the contribu-
tion of the convective transport has been neglected. This
assumption is mainly based on the value of Reynolds num-
ber, less than 1 due to the small radius of pores.255

3. E↵ective thermal-hydraulic properties of the
deposit

3.1. E↵ective thermal conductivity kdep

The present thermal conductivity model is based on Zhu
and Li’s work [12]. It takes into account however, both260

liquid and vapor phases in the porous structure, the per-
colation phenomenon and the presence of open and closed
pores in the porous structure of the deposit.

As in Uhle’s model, it assumes that open pores with radii
larger than R⇤ are filled with vapor (steam chimneys) and265

pores with radii smaller than R⇤ are filled with liquid wa-
ter (capillaries). The overall conductive resistance is com-
prised of three paths (Fig. 2):

• The porous matrix of magnetite. It is populated with
closed pores filled with liquid;270

• The capillaries;

• The steam chimneys.

Therefore, the deposit e↵ective thermal conductivity kdep

may be expressed as the sum of three thermal conductivi-

magnetite

closed pore

open pore

porous matrix
with inclusions

 
pores lled
with steam
(chimneys)

pores lled
with liquid
(capillaries)

Figure 2: Schematics of the three heat transfer paths

ties:275

kdep(x)
Sdep

�x
= km(x)

Sm(x)

Lm(x)

+ kl

Z R⇤(x)

0

1

Lop(R, x)

@Sop(R, x)

@R
dR

+ kg

Z +1

R⇤(x)

1

Lop(R, x)

@Sop(R, x)

@R
dR

(11)

The first term of the right hand side of equation 11 corre-
sponds to the thermal conductance of the porous matrix;
the second term refers to the thermal conductance of capil-
laries; and the last term represents the conductance of the
steam chimneys. �x is the thickness of layer x. km, kl,280

kg are the thermal conductivity of the matrix, of the cap-
illaries and of the steam chimneys respectively. Lm(x) is
the length of the matrix in layer x. Lop(R, x) is the length
of an open pore of radius R in layer x. For open pores
whose shape resembles to straight cylinders aligned in the285

x-direction, Lop(R, x) = Lm(x) = �x. For tortuous pores
(which is for a more realistic representation of the porous
medium), the tortuosity of the path ⌧ is introduced:

⌧m =
Lm

�x
� 1 and ⌧op(R, x) =

Lop(R, x)

�x
� 1 (12)

The matrix tortuosity is a function of the open porosity as
expressed in Pisani’s relation [13]:290

⌧m(x) =
Lm(x)

�x
=

1

1 � CPis�op(x)
(13)

CPis is a coe�cient set equal to 0.75 for a deposit made
of mono-dispersed spherical particles. For open pores,
⌧op is determined from the statistical fractal methodology
(Eq. 30).

The e↵ective thermal conductivity km is estimated from a295

homogenization approach such as Maxwell’s model [14]:

km(x) = kmag

1 � �(x)��op(x)

1��op(x)

2(kmag�kl)
kl+2⇤kmag

1 +
�(x)��op(x)

1��op(x)

(kmag�kl)
kl+2⇤kmag

(14)

5

Figure 2: Schematics of the three heat transfer paths

� The porous matrix of magnetite. It is populated with closed pores filled

with liquid;205

� The capillaries;

� The steam chimneys.

Therefore, the deposit effective thermal conductivity kdep may be expressed as

the sum of three thermal conductivities:

kdep(x)
Sdep
∆x

= km(x)
Sm(x)

Lm(x)

+ kl

∫ R∗(x)

0

1

Lop(R, x)

∂Sop(R, x)

∂R
dR

+ kg

∫ +∞

R∗(x)

1

Lop(R, x)

∂Sop(R, x)

∂R
dR

(11)

The first term of the right hand side of equation 11 corresponds to the thermal210

conductance of the porous matrix; the second term refers to the thermal conduc-

tance of capillaries; and the last term represents the conductance of the steam

chimneys. ∆x is the thickness of layer x. km, kl, kg are the thermal conductivity

of the matrix, of the capillaries and of the steam chimneys respectively. Lm(x)

is the length of the matrix in layer x. Lop(R, x) is the length of an open pore of215

radius R in layer x. For open pores whose shape resembles to straight cylinders

aligned in the x-direction, Lop(R, x) = Lm(x) = ∆x. For tortuous pores (which
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is for a more realistic representation of the porous medium), the tortuosity of

the path τ is introduced:

τm =
Lm
∆x
≥ 1 and τop(R, x) =

Lop(R, x)

∆x
≥ 1 (12)

The matrix tortuosity is a function of the open porosity as expressed in Pisani’s220

relation [13]:

τm(x) =
Lm(x)

∆x
=

1

1− CPisφop(x)
(13)

CPis is a coefficient set equal to 0.75 for a deposit made of mono-dispersed

spherical particles (see details in [13]). For open pores, τop is determined from

the statistical fractal methodology (Eq. 30).

The effective thermal conductivity km is estimated from a homogenization ap-225

proach such as Maxwell’s model [14]:

km(x) = kmag
1− φ(x)−φop(x)

1−φop(x)
2(kmag−kl)
kl+2∗kmag

1 +
φ(x)−φop(x)
1−φop(x)

(kmag−kl)
kl+2∗kmag

(14)

Therefore, the effective thermal conductivity kdep(x) of a deposit layer is esti-

mated from equations 2-12-13-14:

kdep(x) = km(x)
(
1− φop(x)

) (
1− CPisφop(x)

)

+ klφop(x)

∫ R∗(x)

0

1

τop(R, x)

∂ϕ

∂R
dR

+ kgφop(x)

∫ +∞

R∗(x)

1

τop(R, x)

∂ϕ

∂R
dR

(15)

When the porosity φ(x) tends to zero, the deposit conductivity tends to the

magnetite conductivity kmag. Similarly, when the proportion of open pores230

tends to zero, the effect of open pores (filled with liquid or vapor) vanishes and

the equation 15 becomes equivalent to Maxwell’s model.
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3.2. Effective hydraulic permeabilities Kl and Kg

The permeabilities Kl and Kg of a deposit porous layer of thickness ∆x and

area Sdep are defined according to Darcy’s law:235

Ki(x) =
µiQi(x)∆x

Sdep∆Pi(x)
i = l, g (16)

∆Pi is the pressure loss resulting from a volumetric flow rate Qi for the length

∆x.

The volumetric flow rate Qi (R, x) for a Poiseuille flow in an open pore of size

R is:

Qi (R, x) =
1

8π

∆Pi(x)

µiLop(R, x)

(
πR2

)2
i = l, g (17)

Using equation 2, the total liquid flow rate Ql through the open pores of the240

layer is:

Ql(x) =

∫ R∗(x)

0

Ql (R, x)
1

πR2

∂Sop(R, x)

∂R
dR

=
∆Pl(x)Sdep

µl

φop(x)

8

∫ R∗(x)

0

R2

Lop(R, x)

∂ϕ

∂R
dR

(18)

The total vapor flow rate Qg is determined in a similar manner:

Qg(x) =

∫ +∞

R∗(x)
Qg (R, x)

1

πR2

∂Sop(R, x)

∂R
dR

=
∆Pg(x)Sdep

µg

φop(x)

8

∫ +∞

R∗(x)

R2

Lop(R, x)

∂ϕ

∂R
dR

(19)

Finally, from the definition of the open pore tortuosity τop(R, x) (Eq. 12), the

liquid and vapor permeabilities Kl(x) and Kg(x) are determined:





Kl(x) =
φop(x)

8

∫ R∗(x)

0

R2

τop(R, x)

∂ϕ

∂R
dR

Kg(x) =
φop(x)

8

∫ +∞

R∗(x)

R2

τop(R, x)

∂ϕ

∂R
dR

(20)
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Like the effective conductivity, the permeabilities Kl(x) and Kg(x) are depen-245

dent on the microstructural properties of the deposit.

In summary, the deposit properties that must be estimated are the proportion

of open pores φop(x), the tortuosity of open pores τop(R, x) and the cumulative

open pore-size distribution ϕ(R, x). The method for estimating these physical

properties is presented in the next section. The deposit porosity φ(x) and250

the deposit thickness ldep are, on the other hand, inputs to the methodology.

These properties may be determined experimentally or by a model for fouling

deposition.

4. Fractal characterization of the deposit

The blue histogram in Fig. 3 illustrates the volume fraction of open pores for255

the fouling deposit inside SG. The volume fraction is obtained experimentally

with a mercury porosimeter [15]. This technique uses mercury, a non-wetting

fluid, to fill the porous media under increasing pressure. The Laplace’s law

(Eq. 6) drives the filling of the porous media. As the mercury pressure rises,

an increasing number of smaller and smaller open pores are filled with mercury.260

The difference of volume between two successive pressures and, therefore, be-

tween two successive open pore sizes may be inferred, leading to the volumetric

distribution shown in Fig. 3.

This method provides an estimate of the porosity for the entire deposit. It

says nothing however about the variation of the porosity in the x-direction.265

Moreover, since mercury is a liquid, it cannot penetrate closed pores. Therefore,

this measurement technique is suitable for open pores only.

The histogram of Fig. 3 exemplifies a deposit comprising open pores of two

different scales of magnitude. These two scales of magnitude appear to comply

to a lognormal distribution: one centered on a radius of 20 µm (scale 1) and270

another second centered on a radius of 0.5 µm (scale 2). The presence of two

scales of magnitude for the open pores is not fortuitous. It results from the
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Figure 3: Open pore-size distribution: SF predictions versus Tap-
ping’s experimental results [15]

several scales [16]. In order to comply with both the sta-
tistical lognormal distributions and the fractal behavior of
open pores, a novel fractal methodology named ”Statisti-
cal Fractal (SF)” is developed.365

4.1. SF probability density f(R, x)

We define the following SF probability density as a sum
of n lognormal functions, which share the same standard
deviation �:

f(R, x) =
nX

i=1

Ni(x)

Ntot(x)

exp

0
B@�

0
@

ln
⇣

R
Ri

⌘

p
2�

1
A

2
1
CA

R�
p

2⇡
(21)

In the case of SG fouling deposits, we have:

• n = 2 (capillaries and steam chimneys);

• Ni(x) is the number of open pores of scale i;

• Ntot =
P

Ni(x) is the total number of open pores;370

• Ri is the median radius of open pores of scale i;

The number Ni(x) of open pores follows the fractal scaling
law [16]:

Ni(x)

N1(x)
=

✓
R1

Ri

◆Dop(x)

) Ni(x)

Ntot(x)
=

R
�Dop(x)

iPn
i=1 R

�Dop(x)

i
(22)

The fractal scaling law is used as a rank-size relation in
order to modulate each lognormal distribution. Dop(x) is375

the fractal dimension of open pores. It is obtained from
the Rieu and Sposito’s fractal model [17]:

Dop(x) = DS � ln
�
1 � �op(x)

�

ln

✓
Rn

R1

◆ (23)

DS is the fractal dimension of roughness for the deposit
surface. It is estimated at 2.7 by fitting the theoreti-
cal open pore-size distribution with the experimental data380

(Fig. 3 and section 6.1). As expected, when �op(x) tends
to 0, Dop(x) tends to DS .

When the total porosity � is known instead of the open
pore porosity �op, the latter may be coupled to the former
with the Bedrikovetsky’s correlation [18]:

�op(x) =

8
>><
>>:

0, if �(x)  �c

�(x), if �(x) � 1.65�c

1.65�c

✓
�(x) � �c

0.65�c

◆�

, else

9
>>=
>>;

(24)

� is a critical exponent, equal to 0.41 for a 3D medium [19].
The percolation threshold �c corresponds to the minimum
porosity value below which the fluid cannot penetrate the385

deposit. The percolation threshold for a medium com-
posed of overlapping spheres is equal to 0.2895. [20]. A
more accurate value for the percolation threshold could
be estimated by comparing the model predictions with ex-
perimental data. As the Bedrikovetsky’s function shows390

(Eq. 24), when the porosity �(x) drops below �c, all the
pores are closed and �op(x) = 0. On the other hand, when
the porosity is much higher than the percolation threshold,
all the pores are open, and consequently, �op(x) = �(x).
In the vicinity of the critical threshold, the percolation395

theory predicts that the proportion of open pores �op(x)

is proportional to (�(x) � �c)
�

[21].

The present SF methodology employs two open pore
scales. However, it may be di↵erent for other porous me-
dia. It can be shown that if n becomes very large, the400

prediction of the SF methodology become indistinguish-
able from that of the classic fractal theory. Therefore, the
SF approach may be considered as a generalization of the
fractal theory. The lognormal distribution pertaining to
each open pore scale reflects the randomness of nature.405

Note that for the limiting case n = 1, the equation for
the probability density f(R, x) remains valid. The fractal
relations 22 and 23 become, however, meaningless.

4.2. SF cumulative open pore-size distribution '(R, x)

The number density of open pores is given by the SF dis-410

tribution f(R, x):

1

⇡R2

@Sop(R, x)

@R
= Ntot(x)f(R, x) (25)

7

Figure 3: Open pore-size distribution: SF predictions versus Tapping’s experimental results

[15]

boiling phenomenon that takes place during the fouling deposition. The vapor

bubbles produce steam chimneys among capillaries.

Due to the fact that open pores of different scales of magnitude are similar in275

shape, it is proposed to characterize the fouling deposit with a fractal theory. A

fractal is a mathematical object which exhibits similar patterns at several scales

[16]. In order to comply with both the statistical lognormal distributions and the

fractal behavior of open pores, a novel fractal methodology named ”Statistical

Fractal (SF)” is developed.280

4.1. SF probability density f(R, x)

We define the following SF probability density as a sum of n lognormal functions,

which share the same standard deviation σ:

f(R, x) =

n∑

i=1

Ni(x)

Ntot(x)

exp


−




ln
(
R
Ri

)

√
2σ




2



Rσ
√

2π
(21)
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In the case of SG fouling deposits, we have:

� n = 2 (capillaries and steam chimneys);

� Ni(x) is the number of open pores of scale i;

� Ntot =
∑
Ni(x) is the total number of open pores;285

� Ri is the median radius of open pores of scale i;

The number Ni(x) of open pores follows the fractal scaling law [16]:

Ni(x)

N1(x)
=

(
R1

Ri

)Dop(x)
⇒ Ni(x)

Ntot(x)
=

R
−Dop(x)
i∑n

i=1R
−Dop(x)
i

(22)

The fractal scaling law is used as a rank-size relation in order to modulate each

lognormal distribution. Dop(x) is the fractal dimension of open pores. It is

obtained from the Rieu and Sposito’s fractal model [17]:290

Dop(x) = DS −
ln
(
1− φop(x)

)

ln

(
Rn
R1

) (23)

DS is the fractal dimension of roughness for the deposit surface. It is estimated

at 2.7 by fitting the theoretical open pore-size distribution with the experimental

data (Fig. 3 and section 6.1). As expected, when φop(x) tends to 0, Dop(x) tends

to DS .

When the total porosity φ is known instead of the open pore porosity φop, the

latter may be coupled to the former with the Bedrikovetsky’s correlation [18]:

φop(x) =





0, if φ(x) ≤ φc
φ(x), if φ(x) ≥ 1.65φc

1.65φc

(
φ(x)− φc

0.65φc

)β
, else





(24)

β is a critical exponent, equal to 0.41 for a 3D medium [19]. The percolation295

threshold φc corresponds to the minimum porosity value below which the fluid

cannot penetrate the deposit. The percolation threshold for a medium composed
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of overlapping spheres is equal to 0.2895. [20]. A more accurate value for the

percolation threshold could be estimated by comparing the model predictions

with experimental data. As the Bedrikovetsky’s function shows (Eq. 24), when300

the porosity φ(x) drops below φc, all the pores are closed and φop(x) = 0. On

the other hand, when the porosity is much higher than the percolation threshold,

all the pores are open, and consequently, φop(x) = φ(x). In the vicinity of the

critical threshold, the percolation theory predicts that the proportion of open

pores φop(x) is proportional to (φ(x)− φc)β [21].305

The present SF methodology employs two open pore scales. However, it may

be different for other porous media. It can be shown that if n becomes very

large, the prediction of the SF methodology become indistinguishable from that

of the classic fractal theory. Therefore, the SF approach may be considered as

a generalization of the fractal theory. The lognormal distribution pertaining to310

each open pore scale reflects the randomness of nature.

Note that for the limiting case n = 1, the equation for the probability den-

sity f(R, x) remains valid. The fractal relations 22 and 23 become, however,

meaningless.

4.2. SF cumulative open pore-size distribution ϕ(R, x)315

The number density of open pores is given by the SF distribution f(R, x):

1

πR2

∂Sop(R, x)

∂R
= Ntot(x)f(R, x) (25)

The open pore-size distribution is obtained from equations 2, 21, 22 and 25:

∂ϕ

∂R
=
Ntot(x)πR2

Sop(x)
f(R, x)

=

∑n
i=1R

−Dop(x)
i

exp (2σ2)
∑n
i=1R

2−Dop(x)
i

R2f(R, x)

(26)
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Integration of equation 26 yields the cumulative open pore-size distribution:

ϕ(R, x) =

∫ R

0

∂ϕ

∂R
dR

=

n∑

i=1

Γi
2


erf




ln
(
R
Ri

)
− 2σ2

√
2σ


+ 1




(27)

where Γi stands for

Γi =
R

2−Dop(x)
i∑n

j=1R
2−Dop(x)
j

(28)

The fitting with Tapping’s experimental results is depicted in Fig. 3. For this320

comparison, the fraction of porous volume (∆ϕj = ϕ(Rj+1, x) − ϕ(Rj , x)) is

computed from equation 27 using the same sampling as Tapping (j ∈ [1; 39]).

The best fit was obtained with R1 = 5 µm, R2 = 0.15 µm and σ = 0.8. Due

to the fact that the porosity measured by Tapping is an average porosity, the

comparison between the SF methodology and Tapping data was carried out for325

a layer of porosity φ = 0.5.

Fig. 4 shows the open pore-size distribution obtained with Eq. 26. Fig. 5 de-

picts the corresponding cumulative distributions generated with Eq. 27. The

simulations were conducted for two different standard deviations σ = 0.5 and

σ = 0.8.330

4.3. Meniscus radius at the top layer R∗dep

The parameter R∗dep is required for determining the boundary condition for the

vapor pressure. It is assumed that boiling drives the deposit porous structure.

As a result, the meniscus radius at the top layer R∗dep is set equal to the minimum

value between the capillary and the chimney scale distributions (i.e. the two335

lognormal distributions). The size of this radius is determined from (Fig. 4):

∂2ϕ

∂R2
(R∗dep, ldep) = 0 and

∂3ϕ

∂R3
(R∗dep, ldep) > 0 (29)
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Figure 4: Open pore-size distribution (Eq. 26 with R1 = 5 µm, R2 = 0.15 µm)
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Figure 4: Open pore-size distribution (Eq. 26 with R1 = 5 µm,
R2 = 0.15 µm)

The open pore-size distribution is obtained from equa-
tions 2, 21, 22 and 25:

@'

@R
=

Ntot(x)⇡R2

Sop(x)
f(R, x)

=

Pn
i=1 R

�Dop(x)

i

exp (2�2)
Pn

i=1 R
2�Dop(x)

i

R2f(R, x)

(26)

Integration of equation 26 yields the cumulative open pore-
size distribution:415

'(R, x) =

Z R

0

@'

@R
dR

=
nX

i=1

�i

2

2
4erf

0
@

ln
⇣

R
Ri

⌘
� 2�2

p
2�

1
A + 1

3
5

(27)

where �i stands for

�i =
R

2�Dop(x)

iPn
j=1 R

2�Dop(x)

j

(28)

The fitting with Tapping’s experimental results is de-
picted in Fig. 3. For this comparison, the fraction of
porous volume (�'j = '(Rj+1, x) � '(Rj , x)) is com-
puted from equation 27 using the same sampling as Tap-420

ping (j 2 [1; 39]). The best fit was obtained with R1 = 5
µm, R2 = 0.15 µm and � = 0.8. Due to the fact that
the porosity measured by Tapping is an average porosity,
the comparison between the SF methodology and Tapping
data was carried out for a layer of porosity � = 0.5.425

Fig. 4 shows the open pore-size distribution obtained with
Eq. 26. Fig. 5 depicts the corresponding cumulative dis-
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Figure 5: Cumulative open pore-size distribution (Eq. 27 with R1 =
5 µm, R2 = 0.15 µm)

tributions generated with Eq. 27. The simulations were
conducted for two di↵erent standard deviations � = 0.5
and � = 0.8.430

4.3. Meniscus radius at the top layer R⇤
dep

The parameter R⇤
dep is required for determining the bound-

ary condition for the vapor pressure. It is assumed that
boiling drives the deposit porous structure. As a result,
the meniscus radius at the top layer R⇤

dep is set equal to435

the minimum value between the capillary and the chimney
scale distributions (i.e. the two lognormal distributions).
The size of this radius is determined from (Fig. 4):

@2'

@R2
(R⇤

dep, ldep) = 0 and
@3'

@R3
(R⇤

dep, ldep) > 0 (29)

4.4. Open pore tortuosity ⌧op(R, x)

The fractal theory [22] predicts that the tortuosity of open440

pores follows the scaling law:

⌧op(R, x) =

✓
ldep

R

◆D⌧ (x)�1

(30)

D⌧ (x) is the tortuous fractal dimension and do not depend
on R. It may be estimated as [22]:

D⌧ (x) = 1 +
ln

�
h⌧op (R, x)iR

�

ln
⇣

ldep

hRiR

⌘ (31)

The operator h.iR represents an average over the open pore
radius R. Using equations 21 and 22, the mean open pore445

8

Figure 5: Cumulative open pore-size distribution (Eq. 27 with R1 = 5 µm, R2 = 0.15 µm)
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4.4. Open pore tortuosity τop(R, x)

The fractal theory [22] predicts that the tortuosity of open pores follows the

scaling law:

τop(R, x) =

(
ldep
R

)Dτ (x)−1
(30)

Dτ (x) is the tortuous fractal dimension and do not depend on R. It may be340

estimated as [22]:

Dτ (x) = 1 +
ln
(
〈τop (R, x)〉R

)

ln
(
ldep
〈R〉R

) (31)

The operator 〈.〉R represents an average over the open pore radius R. Using

equations 21 and 22, the mean open pore radius 〈R〉R(x) is obtained:

〈R〉R(x) =

∫ +∞

0

Rf(R, x)dR

= exp

(
σ2

2

)∑n
i=1R

1−Dop(x)
i∑n

i=1R
−Dop(x)
i

(32)

A tortuosity model from the percolation theory [17] is employed to estimate the

averaged open pore tortuosity:345

〈τop (R, x)〉R =

(
φ(x)− φc

1− φc

)ν(1−Dpath)
(33)

ν is a universal exponent equal to 0.88 in 3D. Dpath is the fractal dimension

for the optimum path. It is equal to 1.43 in 3D [17]. The tortuosity tends

to 1 when the porosity tends to 1. When the porosity φ(x) approaches the

percolation threshold φc, the tortuosity becomes infinite. Below the percolation

threshold, the notion of tortuosity becomes meaningless and the model is no350

longer valid.
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5. Summary of the overall calculation procedure

The above calculation procedure may be summarized as follows:

The input data are:

� The median radii Ri(x) of the n levels of open pores;355

� The standard deviation σ of the lognormal distributions;

� The deposit surface fractal dimension DS ;

� The porosity φ(x) and the percolation threshold φc.

From these data, the fractal description allows the computation of the following

deposit properties:360

� The meniscus radius R∗(x) (Eqs. 6 and 29);

� The cumulative open pore-size distribution ϕ(R, x) (Eqs. 21 to 28);

� The open porosity φop(x) (Eq. 24);

� The open pore tortuosity τop(R, x) (Eqs. 30 to 32).

The thermal-hydraulic parameters are then computed for:365

� The volumetric phase change coefficient αB (Eq. 5);

� The effective deposit conductivity kdep (Eq. 15);

� The liquid and gas permeabilities Kl and Kg respectively (Eq. 20);

Finally, the overall heat transfer coefficient hfouled is determined from equation 1

to 10.370
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6. Validation

The present paper proposes a novel predictive methodology for the thermal

impact of SG fouling which is based on a fractal approach. This approach

is unique in the sense that it provides a wealth of information of the porous

structure of the fouling deposit. Unfortunately, the scarce experimental data375

available in the open literature does not provide detailed information. As a

result, the present validation will focus on the overall characteristics of the

deposit, such as the cumulative open pore-size distribution. First the fractal

methodology is validated. Next, the thermal-hydraulic model is confronted to

experimental data. Finally, the overall heat transfer model is compared to data380

provided by the Electric Power Research Institute (EPRI).

6.1. Validation of the fractal description of the deposit

The fractal approach was first validated with the experimental data provided by

Uhle [5]. These data were generated from deposit samples that were produced

by a sintering process of magnetite particles on SG-tubes. Note that in real385

situations, the formation of fouling deposits is far more complicated. It involves,

for example, corrosion products that are transported by the bulk fluid and

settle down on the surface of the SG-tubes for time periods extending to several

years, forming deposits of roughly 100 micrometers thick. Also, the boiling

phenomenon drives the geometry of the deposits with steam chimneys fed by390

liquid capillaries. And, due to the precipitation of solute species, the porosity

of the deposit layers evolves over time.

Nevertheless, Fig. 6 compares the cumulative open pore-size distribution ϕ pre-

dicted by the SF methodology to Uhle’s experimental data. Due to the fact

that the sintering process produces a homogeneous porous medium, Uhle’s de-395

posit samples are free of steam chimneys. As a result, n was set equal to 1 for

the simulation. The SF methodology parameters R1 and σ were adjusted for

a best fit with the experimental data. The normalized root mean square error

(NRMSE) is limited to 10% for the worst case scenario (Table 1). Also note that
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Figure 6: Cumulative open-pore size distribution: SF predictions
(Eq. 27) versus Uhle’s experimental data [5]

Figure 7: Photographed deposit surface (top) [15]; simulated fouling
deposit surface (bottom)

Tapping is approximately 5 µm. The median radius of
open pores R2 of scale 2 was not, however, measured, nor
were the standard deviation � and the fractal dimension535

of the deposit surface DS .

The median radius R2 of the open pores of scale 2 is es-
timated at R2 = 0.15 µm by conducting a geometrical
inventory of pores on the deposit photograph (topright of
Fig. 7).540

In order to obtain the � value, it is assumed that there are
no remaining open pores for 3� decades under R2, or for
3� decades over R1. This assumption yields:

3� = ln (R2) � ln (Rmin) = ln (Rmax) � ln (R1) (34)

Rmin and Rmax correspond to the minimum and the maxi-
mum open pore-size respectively. The conducted inventory545

of pores leads to Rmin ' 0.1R2 approximately. The value

Uhle [5] Tapping [15]
Deposit B3 B4 B4(7) CR-3
R1(µm) 0.17⇤ 0.04⇤ 0.04⇤ 5
R2(µm) - - - 0.15⇤

� 0.25⇤ 0.5⇤ 0.4⇤ 0.8⇤

DS - - - 2.7⇤

NRMSE 4.7% 7.1% 9.9% 5.1%
* fitted SF parameters

Table 1: SF parameters retained for comparison with Tapping [15]
and Uhle [5] results

of the standard deviation � ' 0.8 is then deduced from
Eq. 34.

The magnitude of the DS parameter is computed by es-

timating the porosity �
(1)
op = S

(1)
op /Sdep of open pores of550

scale 1 in Fig. 7. Note that the porosity of open pores of

scale 2 is �
(2)
op = S

(2)
op /Sdep = �op � �

(1)
op . One gets from

equation 23:

�op

�
(1)
op

� 1 =
�

(2)
op

�
(1)
op

=

✓
R2

R1

◆2�DS+
ln(1��op)
ln

✓
R2
R1

◆

(35)

The resulting fractal dimension for the surface roughness
is then:555

DS = 2 +

ln

✓
�

(1)
op (1��op)
�op��

(1)
op

◆

ln
⇣

R2

R1

⌘ (36)

The porosity �1
op of open pores of scale 1 estimated from

the 100 µm-scaled photograph (topleft of Fig. 7) is ap-
proximately 0.07. Thus, for the given deposit porosity
�op = 0.5, equation 36 predicts DS ' 2.7.

Therefore, the estimated parameters R2 = 0.15 µm, � =560

0.8 and DS = 2.7 yield a good agreement with the mea-
sured fraction of porous volume (Fig. 3). The resulting
NRMSE is 5.1% (Table 1).

Fig. 7 also suggest a qualitative good agreement since the
predicted fouling deposit surface is comparable to Tap-565

ping’s photograph. This comparison points out the rel-
evance to combine the fractal theory and lognomal func-
tions to depict the porous structure of SG fouling deposits.

6.2. Validation of the modelling of thermal-hydraulic pa-
rameters570

Fig. 8 compares Uhle’s experimental data to the SF predic-
tions for the e↵ective thermal conductivity kdep (Eq. 15).
Uhle reported few data for the thermal-hydraulic param-
eters of the deposits. It is limited to a narrow range of
porosities. Fig. 8 shows also the estimates of the Maxwell-575

Eucken (ME) [14], of the E↵ective Media (EM) [23], of the
Series and of the Parallel model. The experimental data of
Uhle are distributed between the EM and the series model.

10

Figure 6: Cumulative open-pore size distribution: SF predictions (Eq. 27) versus Uhle’s

experimental data [5]

Uhle do not measures these parameters. The validation is carried out with the400

cumulative open pore-size distribution (Fig. 6). This comparison highlights the

suitability of the lognormal function to describe the open-pore size distribution

of porous media.

The experimental data provided by Tapping [15] are, on the other hand, closer

to reality. The deposit samples were collected from a steam generator of the405

Chalk River unit 3 [15]. The SF predictions and Tapping’s data are compared

in Fig. 3. The numerical simulation was conducted for a one-layer constant

porosity deposit. The reason is that Tapping’s results are available for a mean

porosity which is approximately 0.5. This value is beyond 1.65φc ' 0.48. From

equation 24, φop = φ = 0.5. The median radius R1 for the open pores of scale410

1 (chimney) measured by Tapping is approximately 5 µm. The median radius

of open pores R2 of scale 2 was not, however, measured, nor were the standard

deviation σ and the fractal dimension of the deposit surface DS .

The median radius R2 of the open pores of scale 2 is estimated at R2 = 0.15
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Figure 7: Photographed deposit surface (top) [15]; simulated fouling deposit surface (bottom)

µm by conducting a geometrical inventory of pores on the deposit photograph415

(topright of Fig. 7).

In order to obtain the σ value, it is assumed that there are no remaining open

pores for 3σ decades under R2, or for 3σ decades over R1. This assumption

yields:

3σ = ln (R2)− ln (Rmin) = ln (Rmax)− ln (R1) (34)

Rmin and Rmax correspond to the minimum and the maximum open pore-420

size respectively. The conducted inventory of pores leads to Rmin ' 0.1R2

approximately. The value of the standard deviation σ ' 0.8 is then deduced

from Eq. 34.

The magnitude of the DS parameter is computed by estimating the porosity

φ
(1)
op = S

(1)
op /Sdep of open pores of scale 1 in Fig. 7. Note that the porosity of425

open pores of scale 2 is φ
(2)
op = S

(2)
op /Sdep = φop − φ(1)op . One gets from equation
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23:

φop

φ
(1)
op

− 1 =
φ
(2)
op

φ
(1)
op

=

(
R2

R1

)2−DS+
ln(1−φop)
ln

(
R2
R1

)

(35)

The resulting fractal dimension for the surface roughness is then:

DS = 2 +

ln

(
φ
(1)
op (1−φop)
φop−φ(1)

op

)

ln
(
R2

R1

) (36)

The porosity φ1op of open pores of scale 1 estimated from the 100 µm-scaled

photograph (topleft of Fig. 7) is approximately 0.07. Thus, for the given deposit430

porosity φop = 0.5, equation 36 predicts DS ' 2.7.

Therefore, the estimated parameters R2 = 0.15 µm, σ = 0.8 and DS = 2.7 yield

a good agreement with the measured fraction of porous volume (Fig. 3). The

resulting NRMSE is 5.1% (Table 1).

Fig. 7 also suggest a qualitative good agreement since the predicted fouling435

deposit surface is comparable to Tapping’s photograph. This comparison points

out the relevance to combine the fractal theory and lognomal functions to depict

the porous structure of SG fouling deposits.

6.2. Validation of the modelling of thermal-hydraulic parameters

Fig. 8 compares Uhle’s experimental data to the SF predictions for the effective440

thermal conductivity kdep (Eq. 15). Uhle reported few data for the thermal-

hydraulic parameters of the deposits. It is limited to a narrow range of porosi-

ties. Fig. 8 shows also the estimates of the Maxwell-Eucken (ME) [14], of the

Effective Media (EM) [23], of the Series and of the Parallel model. The experi-

mental data of Uhle are distributed between the EM and the series model.445

Fig. 8 reveals that the SF methodology is however the only approach capable of

catching the steep change that occurs at the percolation threshold φc = 0.2895.

Below this threshold, conduction heat transfer prevails. The predictions of the
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Figure 8: Predicted and measured e↵ective thermal conductivity [5]

Fig. 8 reveals that the SF methodology is however the
only approach capable of catching the steep change that580

occurs at the percolation threshold �c = 0.2895. Below
this threshold, conduction heat transfer prevails. The pre-
dictions of the SF, of Maxwell-Eucken, and of EM models
are all comparable. These models are known to estimate
fairly accuretely the thermal conductivity of low porosity585

media. At the threshold and beyond, boiling dominates
heat conduction. The conductivity predicted by the SF
methodology falls below that of the EM model and levels
o↵ to conductivity values that correspond to a porosity of
about 0.7. This behavior is a good indicator of the qual-590

itative trend of the SF methodology. Note that fouling
deposits of porosity greater than 0.7 are rarely observed
in SGs. Their mesh structure is too fragile to stick to the
tube surface. As a result, they are washed away by the
bulk fluid stream.595

The permeability was examined for single phase flows
through di↵erent porous materials. These materials in-
clude magnetite sintering [5], copper sintering [24] and
natural rocks [25]. The predicted and measured e↵ective
permeabilities are depicted in Fig. 9. The liquid perme-600

ability Kl was estimated with equation 20 for R⇤ = 1.
The median radii of open pores level Ri were estimated
for each experiment. When � is not provided in the data
base, it is set equal to 0.4. The SF predictions are, over-
all, in good agreement with the experimental data. These605

results also confirm that the lognormal distribution is a
suitable choice for depicting a large range of porous me-
dia.

6.3. Validation of the overall heat transfer model

The heat transfer model was validated with experimen-610

tal data extracted from the Chalk-River Unidentified De-
posit (CRUD) experimental database of EPRI [26]. This
database comprises data for large scale thermal-hydraulic
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properties of nuclear fuel channels (fluid pressure, cladding
temperature Tw , fluid temperature T1, mass flow M1,615

heat flux q
00
w) as well as data on fouling deposits (porosity

�, thickness ldep, radius R1 of open pores of scale 1). The
CRUD database provides however data for at most two
layers of deposit. As a result, the SF simulations were car-
ried out for no more than two layers of deposit. Also, the620

validation reported here rests on the comparison of the
predicted and measured overall heat transfer coe�cient
hfouled defined in equation 1.

Three sub-cooling conditions are available in the CRUD
database: �Tsub = 10K, 18K and 55K. Moreover, the625

heat transfer regime examined here is nucleate boiling.
The dry-out regime, which rarely occurs in SG, is ignored
(Table 2).

Fig. 10 shows that the agreement between the predicted
and the measured heat transfer coe�cients is very good.630

The Mean Error (ME) on the predicted overall heat trans-
fer coe�cient hfouled is estimated at 4.6% and the Mean
Absolute Error (MAE) is 11.8%. The present MAE
is smaller than the MAE estimated with Uhle’s results
(17.5%). The MAE also falls well within the margin of635

uncertainty of the empirical correlations employed for es-
timating the heat transfer coe�cients [9] [10].

7. Results and discussion

Unless explicitly indicated, the following simulations were
performed with the thermal-hydraulic and the deposit640

properties listed in table 3. The deposit is modeled by
assuming a porosity varying linearly:

�(x) =
d�

dx

�
ldep � x

�
+ �dep (37)

The maximum porosity �dep corresponds to the porosity
of the outer layer x = ldep. The deposit porosity cannot be

11

Figure 8: Predicted and measured effective thermal conductivity [5]

SF, of Maxwell-Eucken, and of EM models are all comparable. These models

are known to estimate fairly accuretely the thermal conductivity of low porosity450

media. At the threshold and beyond, boiling dominates heat conduction. The

conductivity predicted by the SF methodology falls below that of the EM model

and levels off to conductivity values that correspond to a porosity of about 0.7.

This behavior is a good indicator of the qualitative trend of the SF methodology.

Note that fouling deposits of porosity greater than 0.7 are rarely observed in455

SGs. Their mesh structure is too fragile to stick to the tube surface. As a result,

they are washed away by the bulk fluid stream.

The permeability was examined for single phase flows through different porous

materials. These materials include magnetite sintering [5], copper sintering [24]

and natural rocks [25]. The predicted and measured effective permeabilities are460

depicted in Fig. 9. The liquid permeability Kl was estimated with equation 20

for R∗ = ∞. The median radii of open pores level Ri were estimated for each

experiment. When σ is not provided in the data base, it is set equal to 0.4.

The SF predictions are, overall, in good agreement with the experimental data.
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Fig. 8 reveals that the SF methodology is however the
only approach capable of catching the steep change that580

occurs at the percolation threshold �c = 0.2895. Below
this threshold, conduction heat transfer prevails. The pre-
dictions of the SF, of Maxwell-Eucken, and of EM models
are all comparable. These models are known to estimate
fairly accuretely the thermal conductivity of low porosity585

media. At the threshold and beyond, boiling dominates
heat conduction. The conductivity predicted by the SF
methodology falls below that of the EM model and levels
o↵ to conductivity values that correspond to a porosity of
about 0.7. This behavior is a good indicator of the qual-590

itative trend of the SF methodology. Note that fouling
deposits of porosity greater than 0.7 are rarely observed
in SGs. Their mesh structure is too fragile to stick to the
tube surface. As a result, they are washed away by the
bulk fluid stream.595

The permeability was examined for single phase flows
through di↵erent porous materials. These materials in-
clude magnetite sintering [5], copper sintering [24] and
natural rocks [25]. The predicted and measured e↵ective
permeabilities are depicted in Fig. 9. The liquid perme-600

ability Kl was estimated with equation 20 for R⇤ = 1.
The median radii of open pores level Ri were estimated
for each experiment. When � is not provided in the data
base, it is set equal to 0.4. The SF predictions are, over-
all, in good agreement with the experimental data. These605

results also confirm that the lognormal distribution is a
suitable choice for depicting a large range of porous me-
dia.

6.3. Validation of the overall heat transfer model

The heat transfer model was validated with experimen-610

tal data extracted from the Chalk-River Unidentified De-
posit (CRUD) experimental database of EPRI [26]. This
database comprises data for large scale thermal-hydraulic
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properties of nuclear fuel channels (fluid pressure, cladding
temperature Tw , fluid temperature T1, mass flow M1,615

heat flux q
00
w) as well as data on fouling deposits (porosity

�, thickness ldep, radius R1 of open pores of scale 1). The
CRUD database provides however data for at most two
layers of deposit. As a result, the SF simulations were car-
ried out for no more than two layers of deposit. Also, the620

validation reported here rests on the comparison of the
predicted and measured overall heat transfer coe�cient
hfouled defined in equation 1.

Three sub-cooling conditions are available in the CRUD
database: �Tsub = 10K, 18K and 55K. Moreover, the625

heat transfer regime examined here is nucleate boiling.
The dry-out regime, which rarely occurs in SG, is ignored
(Table 2).

Fig. 10 shows that the agreement between the predicted
and the measured heat transfer coe�cients is very good.630

The Mean Error (ME) on the predicted overall heat trans-
fer coe�cient hfouled is estimated at 4.6% and the Mean
Absolute Error (MAE) is 11.8%. The present MAE
is smaller than the MAE estimated with Uhle’s results
(17.5%). The MAE also falls well within the margin of635

uncertainty of the empirical correlations employed for es-
timating the heat transfer coe�cients [9] [10].

7. Results and discussion

Unless explicitly indicated, the following simulations were
performed with the thermal-hydraulic and the deposit640

properties listed in table 3. The deposit is modeled by
assuming a porosity varying linearly:

�(x) =
d�

dx

�
ldep � x

�
+ �dep (37)

The maximum porosity �dep corresponds to the porosity
of the outer layer x = ldep. The deposit porosity cannot be
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Figure 9: Predicted and measured permeability [5][24][25]

These results also confirm that the lognormal distribution is a suitable choice465

for depicting a large range of porous media.

6.3. Validation of the overall heat transfer model

The heat transfer model was validated with experimental data extracted from

the Chalk-River Unidentified Deposit (CRUD) experimental database of EPRI

[26]. This database comprises data for large scale thermal-hydraulic properties470

of nuclear fuel channels (fluid pressure, cladding temperature Tw , fluid tem-

perature T∞, mass flow M∞, heat flux q
′′
w) as well as data on fouling deposits

(porosity φ, thickness ldep, radius R1 of open pores of scale 1). The CRUD

database provides however data for at most two layers of deposit. As a result,

the SF simulations were carried out for no more than two layers of deposit.475

Also, the validation reported here rests on the comparison of the predicted and

measured overall heat transfer coefficient hfouled defined in equation 1.

Three sub-cooling conditions are available in the CRUD database: ∆Tsub =

10K, 18K and 55K. Moreover, the heat transfer regime examined here is
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�Tsub CRUD case name Number of data Rod diameter 2Rtube Heat flux q
00
w

(K) (-) (-) (cm) (MW/m2)
10 ROD80,ROD88,ROD91,ROD94 97 0.91/0.95 0.44 - 0.98
18 ROD110,ROD111 31 0.95 0.49 - 1.16
55 ROD110,ROD111,ROD112,ROD116,ROD117 381 0.91/0.93/0.95 0.27 - 1.79

Table 2: Selected cases of the CRUD database [26] for the comparison with the heat transfer model
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Figure 10: Predicted and measured heat transfer coe�cient hfouled

less than the minimum porosity �min. The densification645

process over years is not able to decreasing the porosity
below this value. If the value �min is reached at a layer x,
all layers below x have a constant porosity �min.

All available porosity measurements on fouling deposit
sample indicate that �min  0.3 and �dep 2 [0.3, 0.7].650

For � > �min, the gradient of porosity d�
dx is related to the

speed of aging of the deposit. To study its impact on the
model, this gradient expresses as:

d�

dx
=

0.78

ldep

tan
�
arcsin

�
Caging

��
(38)

Caging is the aging parameter. A zero slope is obtained for
Caging = 0. An infinite slope is obtained for Caging = 1.655

The inner region of constant porosity �min should not
be confused with the inner region for which all pores are
closed (�  �c). The latter cannot exist if �c < �min.

Fig. 11 shows the variation of the power density evacuated
by boiling heat transfer ⇧B and the open porosity �op as a660

function of the distance x from the tube wall. The power
density is calculated with equation 8 and it is normal-
ized with respect to the maximum value ⇧max

B . The open
porosity is estimated from correlation 24. The profile of
porosity was set to (�min = 0.05, �dep = 0.5, Caging = 0.5)665

with a deposit thickness ldep = 100µm. This figure re-
veals that boiling does not occur in zone 1 due to the fact
that all the pores are closed (� < �c). Heat transfer is

SG Properties Range Simulations

D
ep

os
it

ldep (µm)  300 100
R1 (µm) 5 - 10 [27] 5 [15]
R2 (µm)  0.5 [27] 0.15
� (-) 0.2 - 0.8 0.8

DS (-) 2 - 3 2.7
�c (-)  0.3 [28] 0.2895 [20]

�min (-)  0.3 0.05
�dep (-) 0.3 - 0.7 0.5 [15]

Caging (-) 0 - 1 0.5

T
H

P1 (MPa) 5.5 - 7.5 6
M1 (kg/m2/s) 100 - 1000 400

q
00
w (kW/m2) 100 - 700 200
Quality (-)  0.35 0.1

Table 3: Physical properties of SG (column 3) and referenced values
adopted for the simulations (column 4)

conduction dominated and, as a result, the temperature
gradient across this zone is steep. In zone 2 (� > �c), the670

open pores allow boiling to take place. As the porosity
increases across the superimposed layers, boiling intensi-
fies and reaches a maximum for x = 72 µm. From this
point on, boiling diminishes as the temperature di↵erence
T (x)�TB(x) in equation 8 decreases. For thicker deposits,675

boiling heat transfer keeps decreasing until it completely
stops. Heat is then again transferred solely by conduction.
In this simulation, the Reynolds number peaked at 0.068
for the vapor phase and 0.013 for the liquid phase. Those
values confirm that convection may be neglected in the680

heat and mass transfer model from Eq. 3 to Eq. 10.

A sensitivity analysis was conducted in order to determine
the most influential deposit parameters on the heat trans-
fer. The range for the examined parameters is provided in
the third column of table 3. The sensitivity of the deposit685

thickness ldep was not analyzed since the e↵ect of this pa-
rameter is observed on Fig. 13. However, the sensitivity
analysis was accomplished with ldep = 15µm, ldep = 50µm,
ldep = 100µm, ldep = 200µm and ldep = 300µm. The
Sobol sensitivity index was determined from a Monte-690

Carlo calculation. The 95% confidence interval is also
estimated (Fig. 12). Over one million Monte-Carlo sim-
ulations were carried out.

It was found that the most influential parameters on the
heat transfer coe�cient hfouled concerns the profile of695

porosity: the coe�cient of densification (ICaging
' 0.34),

the porosity of the top layer (I�dep
' 0.10) , the mini-
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Figure 10: Predicted and measured heat transfer coefficient hfouled

nucleate boiling. The dry-out regime, which rarely occurs in SG, is ignored480

(Table 2).

Fig. 10 shows that the agreement between the predicted and the measured heat

transfer coefficients is very good. Only 2% of the points lie outside the 40% band

with a maximal error reaching 98% for the farest point. However, these points

are not really representative of the general trend. The Mean Error (ME) on the485

predicted overall heat transfer coefficient hfouled is estimated at 4.6% and the

Mean Absolute Error (MAE) is 11.8%. The present MAE is smaller than the

MAE estimated with Uhle’s results (17.5%). The MAE also falls well within

the margin of uncertainty of the empirical correlations employed for estimating

the heat transfer coefficients [9] [10].490

7. Results and discussion

Unless explicitly indicated, the following simulations were performed with the

thermal-hydraulic and the deposit properties listed in table 3. The deposit is
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modeled by assuming a porosity varying linearly:

φ(x) =
dφ

dx

(
x− ldep

)
+ φdep (37)

The maximum porosity φdep corresponds to the porosity of the outer layer x =495

ldep. The deposit porosity cannot be less than the minimum porosity φmin.

The densification process over years is not able to decreasing the porosity below

this value. If the value φmin is reached at a layer x, all layers below x have a

constant porosity φmin.

All available porosity measurements on fouling deposit sample indicate that500

φmin ≤ 0.3 and φdep ∈ [0.3, 0.7].

For φ > φmin, the gradient of porosity dφ
dx is related to the speed of aging of the

deposit. To study its impact on the model, this gradient expresses as:

dφ

dx
=

0.78

ldep
tan

(
arcsin

(
Caging

))
(38)

Caging is the aging parameter. A zero slope is obtained for Caging = 0. An

infinite slope is obtained for Caging = 1.505

The inner region of constant porosity φmin should not be confused with the

inner region for which all pores are closed (φ ≤ φc). The latter cannot exist if

φc < φmin.

Fig. 11 shows the variation of the power density evacuated by boiling heat

transfer ΠB and the open porosity φop as a function of the distance x from the510

tube wall. The power density is calculated with equation 8 and it is normalized

with respect to the maximum value Πmax
B . The open porosity is estimated from

correlation 24. The profile of porosity was set to (φmin = 0.05, φdep = 0.5,

Caging = 0.5) with a deposit thickness ldep = 100µm. This figure reveals that

boiling does not occur in zone 1 due to the fact that all the pores are closed (φ <515

φc). Heat transfer is conduction dominated and, as a result, the temperature

gradient across this zone is steep. In zone 2 (φ > φc), the open pores allow

boiling to take place. As the porosity increases across the superimposed layers,
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Figure 12: Sobol sensitivity analysis of the SF deposit parameters

mal porosity (I�min
' 0.07) and the percolation threshold

(I�c
' 0.07). The influence of the coe�cient of densi-

fication Caging increases with the deposit thickness ldep.700

Indeed, as the deposit thickness increases, the gradient of
porosity applies to a higher thickness and its value take
on added importance. The fractal dimension of the sur-
face and the standard deviation have a moderate impact
on the heat transfer (IDS

' 0.11 and I� ' 0.08). The705

median radius of pores Ri have a negligible e↵ect on the
heat transfer (IR1

' 0.00 and IR2
' 0.03).

Fig. 13 exemplifies the variation of the heat transfer coef-
ficient hfouled in terms of the deposit thickness for aging
coe�cient Caging ranging from 0 to 1. The minimal and710

maximal porosity were set to (�min = 0.05, �dep = 0.5).
It is seen that the smaller the aging coe�cient, the larger
the heat transfer coe�cient. For the limit case Caging = 0,
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Figure 13: Variation of the heat transfer coe�cient with the deposit
thickness for several values of Caging (�min = 0.05, �dep = 0.5)

boiling takes place in all the deposit: the heat flux con-
duction tends to zero. In this limit case, an increase of the715

deposit thickness has no e↵ect on the heat transfer. For
the other cases, the presence of a dense layer with closed
pores leads to diminish the heat transfer e�ciency when
the deposit becomes thicker. This decrease intensifies for
high values of Caging.720

Fig. 14 shows the variation of the heat transfer coe�cient
hfouled in terms of the deposit thickness for maximum
porosity �dep ranging from 0.3 to 0.7. The minimal poros-
ity and the aging coe�cient were set to (�min = 0.05,
Caging = 0.5). It is seen that the higher the maximum725

porosity, the larger the heat transfer coe�cient. For low
value of �dep, the deposit does not enhance the heat trans-
fer. The thickness of the boiling area in the deposit is too
thin to promote the heat exchange. On the contrary, a high
enhancement occurs for thin deposits with a high value of730

�dep.

8. Conclusion

A numerical model was developed for predicting the ther-
mal impact of fouling in steam generators. The novelty of
the SF methodology is that it resorts to fractal and statis-735

tical theories to describe the complexity of the structure
of the deposit (the distribution and the tortuosity of pores
and the percolation phenomenon) with a limited number
of input parameters. The fractal theory reflects the orga-
nization between pore scales (capillaries and steam chim-740

neys). The statistical distributions depict the organization
in each pore scale.

The present SF methodology considers also fouling de-
posits as superimposed layers with di↵erent values of
porosity. Most of the deposit properties evolve according745

to the deposit layer porosity. It allows to consider the ag-
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Figure 11: Predicted normalized boiling power density and open pore porosity in a 100 µm-

thick deposit (φmin = 0.05, φdep = 0.5, Caging = 0.5)

boiling intensifies and reaches a maximum for x = 72 µm. From this point on,

boiling diminishes as the temperature difference T (x) − TB(x) in equation 8520

decreases. For thicker deposits, boiling heat transfer keeps decreasing until it

completely stops. Heat is then again transferred solely by conduction. In this

simulation, the Reynolds number peaked at 0.068 for the vapor phase and 0.013

for the liquid phase. Those values confirm that convection may be neglected in

the heat and mass transfer model from Eq. 3 to Eq. 10.525

A sensitivity analysis was conducted in order to determine the most influential

deposit parameters on the heat transfer. The range for the examined parame-

ters is provided in the third column of table 3. The sensitivity of the deposit

thickness ldep was not analyzed since the effect of this parameter is observed on

Fig. 13. However, the sensitivity analysis was accomplished with ldep = 15µm,530

ldep = 50µm, ldep = 100µm, ldep = 200µm and ldep = 300µm. The Sobol

sensitivity index was determined from a Monte-Carlo calculation. The 95%
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' 0.07) and the percolation threshold

(I�c
' 0.07). The influence of the coe�cient of densi-

fication Caging increases with the deposit thickness ldep.700

Indeed, as the deposit thickness increases, the gradient of
porosity applies to a higher thickness and its value take
on added importance. The fractal dimension of the sur-
face and the standard deviation have a moderate impact
on the heat transfer (IDS

' 0.11 and I� ' 0.08). The705

median radius of pores Ri have a negligible e↵ect on the
heat transfer (IR1

' 0.00 and IR2
' 0.03).

Fig. 13 exemplifies the variation of the heat transfer coef-
ficient hfouled in terms of the deposit thickness for aging
coe�cient Caging ranging from 0 to 1. The minimal and710

maximal porosity were set to (�min = 0.05, �dep = 0.5).
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boiling takes place in all the deposit: the heat flux con-
duction tends to zero. In this limit case, an increase of the715

deposit thickness has no e↵ect on the heat transfer. For
the other cases, the presence of a dense layer with closed
pores leads to diminish the heat transfer e�ciency when
the deposit becomes thicker. This decrease intensifies for
high values of Caging.720

Fig. 14 shows the variation of the heat transfer coe�cient
hfouled in terms of the deposit thickness for maximum
porosity �dep ranging from 0.3 to 0.7. The minimal poros-
ity and the aging coe�cient were set to (�min = 0.05,
Caging = 0.5). It is seen that the higher the maximum725

porosity, the larger the heat transfer coe�cient. For low
value of �dep, the deposit does not enhance the heat trans-
fer. The thickness of the boiling area in the deposit is too
thin to promote the heat exchange. On the contrary, a high
enhancement occurs for thin deposits with a high value of730

�dep.

8. Conclusion

A numerical model was developed for predicting the ther-
mal impact of fouling in steam generators. The novelty of
the SF methodology is that it resorts to fractal and statis-735

tical theories to describe the complexity of the structure
of the deposit (the distribution and the tortuosity of pores
and the percolation phenomenon) with a limited number
of input parameters. The fractal theory reflects the orga-
nization between pore scales (capillaries and steam chim-740

neys). The statistical distributions depict the organization
in each pore scale.

The present SF methodology considers also fouling de-
posits as superimposed layers with di↵erent values of
porosity. Most of the deposit properties evolve according745

to the deposit layer porosity. It allows to consider the ag-

13

Figure 12: Sobol sensitivity analysis of the SF deposit parameters

confidence interval is also estimated (Fig. 12). Over one million Monte-Carlo

simulations were carried out.

It was found that the most influential parameters on the heat transfer coefficient535

hfouled concerns the profile of porosity: the coefficient of densification (ICaging '
0.34), the porosity of the top layer (Iφdep ' 0.10) , the minimal porosity (Iφmin '
0.07) and the percolation threshold (Iφc ' 0.07). The influence of the coefficient

of densification Caging increases with the deposit thickness ldep. Indeed, as the

deposit thickness increases, the gradient of porosity applies to a higher thickness540

and its value take on added importance. The fractal dimension of the surface and

the standard deviation have a moderate impact on the heat transfer (IDS ' 0.11

and Iσ ' 0.08). The median radius of pores Ri have a negligible effect on the

heat transfer (IR1
' 0.00 and IR2

' 0.03).

Fig. 13 exemplifies the variation of the heat transfer coefficient hfouled in terms545

of the deposit thickness for aging coefficient Caging ranging from 0 to 1. The

minimal and maximal porosity were set to (φmin = 0.05, φdep = 0.5). It is seen

that the smaller the aging coefficient, the larger the heat transfer coefficient. For

the limit case Caging = 0, boiling takes place in all the deposit: the heat flux

conduction tends to zero. In this limit case, an increase of the deposit thickness550
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Fig. 13 exemplifies the variation of the heat transfer coef-
ficient hfouled in terms of the deposit thickness for aging
coe�cient Caging ranging from 0 to 1. The minimal and710

maximal porosity were set to (�min = 0.05, �dep = 0.5).
It is seen that the smaller the aging coe�cient, the larger
the heat transfer coe�cient. For the limit case Caging = 0,

0

20

40

60

80

100

120

140

160

180

0 50 100 150 200 250 300

H
ea

t
tr

an
sf

er
co

e�
ci

en
t

h
f

o
u

le
d

Deposit thickness ldep

Caging = 0
Caging = 0.25
Caging = 0.5

Caging = 0.75
Caging = 0.95

Figure 13: Variation of the heat transfer coe�cient with the deposit
thickness for several values of Caging (�min = 0.05, �dep = 0.5)

boiling takes place in all the deposit: the heat flux con-
duction tends to zero. In this limit case, an increase of the715

deposit thickness has no e↵ect on the heat transfer. For
the other cases, the presence of a dense layer with closed
pores leads to diminish the heat transfer e�ciency when
the deposit becomes thicker. This decrease intensifies for
high values of Caging.720

Fig. 14 shows the variation of the heat transfer coe�cient
hfouled in terms of the deposit thickness for maximum
porosity �dep ranging from 0.3 to 0.7. The minimal poros-
ity and the aging coe�cient were set to (�min = 0.05,
Caging = 0.5). It is seen that the higher the maximum725

porosity, the larger the heat transfer coe�cient. For low
value of �dep, the deposit does not enhance the heat trans-
fer. The thickness of the boiling area in the deposit is too
thin to promote the heat exchange. On the contrary, a high
enhancement occurs for thin deposits with a high value of730

�dep.

8. Conclusion

A numerical model was developed for predicting the ther-
mal impact of fouling in steam generators. The novelty of
the SF methodology is that it resorts to fractal and statis-735

tical theories to describe the complexity of the structure
of the deposit (the distribution and the tortuosity of pores
and the percolation phenomenon) with a limited number
of input parameters. The fractal theory reflects the orga-
nization between pore scales (capillaries and steam chim-740

neys). The statistical distributions depict the organization
in each pore scale.

The present SF methodology considers also fouling de-
posits as superimposed layers with di↵erent values of
porosity. Most of the deposit properties evolve according745

to the deposit layer porosity. It allows to consider the ag-
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values of Caging (φmin = 0.05, φdep = 0.5)

has no effect on the heat transfer. For the other cases, the presence of a dense

layer with closed pores leads to diminish the heat transfer efficiency when the

deposit becomes thicker. This decrease intensifies for high values of Caging.

Fig. 14 shows the variation of the heat transfer coefficient hfouled in terms of

the deposit thickness for maximum porosity φdep ranging from 0.3 to 0.7. The555

minimal porosity and the aging coefficient were set to (φmin = 0.05, Caging =

0.5). It is seen that the higher the maximum porosity, the larger the heat

transfer coefficient. For low value of φdep, the deposit does not enhance the

heat transfer. The thickness of the boiling area in the deposit is too thin to

promote the heat exchange. On the contrary, a high enhancement occurs for560

thin deposits with a high value of φdep.

8. Conclusion

A numerical model was developed for predicting the thermal impact of fouling

in steam generators. The novelty of the SF methodology is that it resorts to
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ing mechanisms such as densification which occur during
heat exchangers operation.

The proposed model accounts for the heat transfer driven
by the liquid-vapor phase change inside the deposits. It750

simulates the complex intricate networks of sinuous open
pores of di↵erent scales, with liquid inflows (capillaries)
and vapor outflows (steam-chimneys).

The SF methodology was thoroughly validated with ex-
perimental data. Concerning the characterization of the755

porous structure, the SF predictions were consistent with
the available SG fouling data, di↵ering only by 5%. Con-
cerning the prediction of the heat transfer coe�cient, a
mean absolute error of 12% was made, which is relatively
low compared to other heat transfer correlations.760

The deposit thickness and the profile of porosity were
found to be the most influential fouling properties on the
heat exchange. The methodology is capable to simulate
the experimentally observed heat transfer enhancement for
thin and porous deposit as well as the heat exchange de-765

cline for thick and dense deposit.

Most thermal-hydraulic codes employed in the nuclear in-
dustry account for the e↵ect of tube fouling by imposing a
layer of fixed thickness on the heat transfer surface. The
present SF approach allows the strong coupling of the foul-770

ing process to the thermal-hydraulic conditions. By strong
coupling, we mean that the fouling process is dependent
on the flow conditions and, in return, the heat transfer
is a↵ected by the resulting deposits. Consequently, the
coupling of the SF approach to existing thermal-hydraulic775

codes may then serve as a predictive tool for managing the
cleaning of SG during outages.

The SF methodology shed new light on the way to consider
and depict fouling deposits. The approach does not pre-
tend however to elucidate the origin of the porous struc-780

ture of the deposit. The micro-structural characteristics

Figure 15: Structural patterns generated at the surface of boiled rice

can only be obtained from the analysis of deposit sam-
ples. The physics that governs the deployment of liquid-
filled capillaries surrounding steam chimneys is yet to be
fully understood. Further experimental investigations are785

needed in order to develop a general theory for fouling
deposition processes that transcends di↵erent domains of
application. The originality of the fractal approach is to
suggest a universal perspective for the construction of a
wide range of complex porous structures. As a closing ex-790

ample, Fig. 15 shows that the structural patterns of boiled
rice resemble to that of the fouling deposits observed in
steam generators of Fig. 7.
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fractal and statistical theories to describe the complexity of the structure of565

the deposit (the distribution and the tortuosity of pores and the percolation

phenomenon) with a limited number of input parameters. The fractal theory

reflects the organization between pore scales (capillaries and steam chimneys).

The statistical distributions depict the organization in each pore scale.

The present SF methodology considers also fouling deposits as superimposed570

layers with different values of porosity. Most of the deposit properties evolve

according to the deposit layer porosity. It allows to consider the aging mecha-

nisms such as densification which occur during heat exchangers operation.

The proposed model accounts for the heat transfer driven by the liquid-vapor

phase change inside the deposits. It simulates the complex intricate networks of575

sinuous open pores of different scales, with liquid inflows (capillaries) and vapor

outflows (steam-chimneys).

The SF methodology was thoroughly validated with experimental data. Con-

cerning the characterization of the porous structure, the SF predictions were
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consistent with the available SG fouling data, differing only by 5%. Concerning580

the prediction of the heat transfer coefficient, a mean absolute error of 12% was

made, which is relatively low compared to other heat transfer correlations.

The deposit thickness and the profile of porosity were found to be the most

influential fouling properties on the heat exchange. The methodology is capable

to simulate the experimentally observed heat transfer enhancement for thin and585

porous deposit as well as the heat exchange decline for thick and dense deposit.

Most thermal-hydraulic codes employed in the nuclear industry account for the

effect of tube fouling by imposing a layer of fixed thickness on the heat transfer

surface. The present SF approach allows the strong coupling of the fouling

process to the thermal-hydraulic conditions. By strong coupling, we mean that590

the fouling process is dependent on the flow conditions and, in return, the heat

transfer is affected by the resulting deposits. Consequently, the coupling of the

SF approach to existing thermal-hydraulic codes may then serve as a predictive

tool for managing the cleaning of SG during outages.

The SF methodology shed new light on the way to consider and depict fouling595

deposits. The approach does not pretend however to elucidate the origin of the

porous structure of the deposit. The micro-structural characteristics can only

be obtained from the analysis of deposit samples. The physics that governs

the deployment of liquid-filled capillaries surrounding steam chimneys is yet to

be fully understood. Further experimental investigations are needed in order600

to develop a general theory for fouling deposition processes that transcends

different domains of application. The originality of the fractal approach is to

suggest a universal perspective for the construction of a wide range of complex

porous structures. As a closing example, Fig. 15 shows that the structural

patterns of boiled rice resemble to that of the fouling deposits observed in steam605

generators of Fig. 7.
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cline for thick and dense deposit.

Most thermal-hydraulic codes employed in the nuclear in-
dustry account for the e↵ect of tube fouling by imposing a
layer of fixed thickness on the heat transfer surface. The
present SF approach allows the strong coupling of the foul-770

ing process to the thermal-hydraulic conditions. By strong
coupling, we mean that the fouling process is dependent
on the flow conditions and, in return, the heat transfer
is a↵ected by the resulting deposits. Consequently, the
coupling of the SF approach to existing thermal-hydraulic775

codes may then serve as a predictive tool for managing the
cleaning of SG during outages.

The SF methodology shed new light on the way to consider
and depict fouling deposits. The approach does not pre-
tend however to elucidate the origin of the porous struc-780

ture of the deposit. The micro-structural characteristics
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can only be obtained from the analysis of deposit sam-
ples. The physics that governs the deployment of liquid-
filled capillaries surrounding steam chimneys is yet to be
fully understood. Further experimental investigations are785

needed in order to develop a general theory for fouling
deposition processes that transcends di↵erent domains of
application. The originality of the fractal approach is to
suggest a universal perspective for the construction of a
wide range of complex porous structures. As a closing ex-790

ample, Fig. 15 shows that the structural patterns of boiled
rice resemble to that of the fouling deposits observed in
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Nomenclature

Dτ fractal dimension of tortuos-

ity

Dop fractal dimension of open

pores

Dpath fractal dimension of the op-

timal path

DS fractal dimension of surface

roughness

h heat transfer coefficient,

W.m−2.K−1

HB latent heat of vaporization,

J.kg−1

K permeability, m2

k thermal conductivity,

W.m−1.K−1

L length, m

l thickness, m

N number of open pores

n total number of lognormal

distributions

P pressure, Pa

Q volumetric flow rate, m3.s−1

q
′′

heat flux, W.m−2

R radius of open pores, m

R∗ radius of meniscus, m

S surface, m2

T temperature, K

V Darcy’s velocity, m.s−1

x radial distance from the tube

wall, m

Greek Letters

αB volumetric boiling coeffi-

cient, W.m−3.K−1

γ surface tension, J.m−2

µ dynamic viscosity, Pa.s

φ porosity

φc percolation threshold

ΠB power density of boiling,

W.m−3

ρ density, kg.m−3

σ standard deviation, m

τ tortuosity

ϕ open pore-size distribution

Subscripts and superscripts

∞ secondary bulk fluid (at x→
+∞)

B boiling

dep deposit

g vapor

l liquid

m matrix

mag magnetite

op open pore

w SG tube wall (at x = 0)
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Table 1: SF parameters retained for comparison with Tapping [15] and Uhle [5] results

Uhle [5] Tapping [15]

Deposit B3 B4 B4(7) CR-3

R1(µm) 0.17∗ 0.04∗ 0.04∗ 5

R2(µm) - - - 0.15∗

σ 0.25∗ 0.5∗ 0.4∗ 0.8∗

DS - - - 2.7∗

NRMSE 4.7% 7.1% 9.9% 5.1%

* fitted SF parameters

Table 2: Selected cases of the CRUD database [26] for the comparison with the heat transfer

model

∆Tsub CRUD case name Number of data Rod diameter 2Rtube Heat flux q
′′
w

(K) (-) (-) (cm) (MW/m2)

10 ROD:80,88,91,94 97 0.91/0.95 0.44 - 0.98

18 ROD:110,111 31 0.95 0.49 - 1.16

55 ROD:110,111,112,116,117 381 0.91/0.93/0.95 0.27 - 1.79
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Table 3: Physical properties of SG (column 3) and referenced values adopted for the simula-

tions (column 4)

SG Properties Range Simulations

D
ep

os
it

ldep (µm) ≤ 300 100

R1 (µm) 5 - 10 [27] 5 [15]

R2 (µm) ≤ 0.5 [27] 0.15

σ (-) 0.2 - 0.8 0.8

DS (-) 2 - 3 2.7

φc (-) ≤ 0.3 [28] 0.2895 [20]

φmin (-) ≤ 0.3 0.05

φdep (-) 0.3 - 0.7 0.5 [15]

Caging (-) 0 - 1 0.5

T
H

P∞ (MPa) 5.5 - 7.5 6

M∞ (kg/m2/s) 100 - 1000 400

q
′′
w (kW/m2) 100 - 700 200

Quality (-) ≤ 0.35 0.1
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