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INTRODUCTION

industrialised countries [3, 4]. Therefore, there is a
great interest in deepening the understanding of the
fouling mechanisms.
According to Epstein (1983), the various
fouling mechanisms can be related to individual
steps of the fouling process in a matrix: initiation,
transport, deposition, removal and ageing [5]. Based
on this, Ishiyama et al. (2009) conducted a survey on
research priorities and needs. It was evident that
corrosion and ageing require the most considerable
research [6].
Ageing of deposits is relevant for various
reasons. It influences the heat transfer as well as the
ability to clean fouling layers due to changes in its
structure or even compound. If the material adheres
to the surface, the wall temperature leads to several
changes [7]. It can cause changes in the chemical or
morphological structure, e.g. through dehydration or
polymerisation [8]. These transformations are
particularly influenced by temperature in two
aspects. On the one hand, the temperature within the
deposit determines the properties such as structure
and strength [9]. On the other hand, an increased
surface temperature at the deposit-fluid-interface
causes further layer growth, which in turn leads to a
change of the temperature inside the deposit.
Additionally the ageing of deposit is influenced if
there is a constriction of the free flow cross-section
during the layer growth phase and thus an increase
in wall shear stress. A description or even modelling
of the heat transfer is difficult in these cases, so that
the different effects have to be considered carefully.

Fouling and Ageing
The unwanted formation of deposits on heattransferring surfaces, the so-called fouling, is a
significant problem in terms of process engineering
and economics in almost all areas of the process
industry [1]. The negative effects of fouling include
higher investments due to oversizing of apparatus,
increased energy costs, reduced product quality,
frequent maintenance because of cleaning,
accelerated corrosion or safety aspects [2, 3]. The
resulting costs are estimated at 0.25 - 0.3 % of the
respective gross domestic product (GDP), which
results in costs of several billion Euro/a each in the

Studies of ageing phenomena
There have been several studies on the effects
of ageing phenomena on heat transfer during crude
oil fouling. Nelson (1934) and Atkins (1962)
described temperature-dependent structural changes
[10, 11] that can be attributed to changes in reaction
kinetics [12]. However, the authors did not consider
the temperature gradient across the fouling layer.
This is inducted in the two-layer ageing model [11]
and the distributed model [13]. Both models
describe the thermal effect by the variable
temperature-dependent thermal conductivity during
crude oil fouling, which is determined by the local
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When fouling occurs in heat exchangers the
characterisation and interpretation of thermal effects
can be complicated due to ageing phenomena within
the deposited fouling layer. Depending on the
prevailing process temperatures between the liquid
bulk and heat-transferring surfaces, a large thermal
conductivity distribution exists according to the
position of the layer within the deposit. During the
growth phase fouling layer formation and ageing
interact with each other. To get a deeper
understanding of these occurrences, deposition and
ageing should always be considered in combination.
This paper discusses an experimental method to
determine temperature-dependent ageing, expressed
by a change in thermal conductivity with time and
along the cross section of the fouling layer.
Therefore an experimental set up including a newly
developed flow channel and an experimental
implementation of an ageing model is presented. In
first experiments proteineaceous and mineral
fouling layers of whey protein concentrate (WPC)
and simulated milk ultra filtrate (SMUF) were
generated for different durations and thus different
thicknesses. It can be shown that thermal
conductivity near the heat transfering surface
increases rapidly compared to the thermal
conductivity of an entire fouling layer. These
findings can be related to the temperature within the
sublayers.

ISBN: 978-0-9984188-1-0; Published online www.heatexchanger-fouling.com

Heat Exchanger Fouling and Cleaning – 2019

temperature within the layer. The two-layer ageing
model assumes two layers (e.g. coke and gel in crude
oil fouling) of different material properties, whose
boundary interface is shifted by a temperaturedependent phase change [11]. In comparison, the
distributed ageing model assumes that the properties
of individual sublayers change at different rates [6].
𝑡
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+ (𝜆𝑓,𝑖
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𝑑𝑡

= −𝑘𝑖𝑡 ∙ 𝑦𝑖𝑡

and a short response time for temperature control
and compensation of the temperature losses in the
feed line. The heating circuit is then divided (with
valve V4) to the two double-walled vessels to keep
the bulk temperature at a constant level. The flow
channel was designed for a laminar flow to
investigate fouling and ageing phenomena and
mechanisms precisely. It is illustrated in Fig. 2.

(1)
(2)

In this model it is assumed that the changing
thermal conductivity λf of each fouling sublayer i at
time t can be described with a youth variable 𝑦𝑖𝑡 in
the range of 0 ≤ 𝑦𝑖𝑡 ≤ 1. The rate constant 𝑘𝑖𝑡 should
follow an Arrhenius approach. The reaction order of
the phase change is deciding for the applicability of
the ageing models for describing the deposit
situation [14].
Nevertheless, these models have not yet been
compared with experimental data or transferred to
other foulants such as proteins or minerals.
MATERIAL AND METHODS
Flow channel test rig
There is a need of a tailored test rig to analyse
the ageing behaviour of various fouling layers in
different fouling phases. The below flow channel
allows to identify certain fouling and ageing
phenomena as mentioned before. The flow diagram
in Fig. 1 shows the components of the experimental
set-up.

Fig. 1. Experimental set-up to generate fouling
layers.
The test solution is filled in vessel T1. At the
start the second vessel T2 is used for the thermal
preconditioning of the test rig by filling it with
deionized water. Starting from vessel T1 or T2
(controlled via V1), the solutions are fed through the
electrically heated flow channel R1 by an eccentric
screw pump P1 and can either flow back into the
reservoir via valve V2 or be discarded (closed loop
vs. open loop). The inlet temperature to the channel
R1 is controlled by the thermocouple TIR101 and a
preheater H2. The heat required for this is supplied
by a thermostat H1. This allows precise adjustment

Fig. 2: Newly developed laminar operating flow
channel.
The flow channel is made of stainless steel to be
resistant to common cleaning solutions like sodium
hydroxide or citric acid. Sample plates with
dimensions of 80 mm x 20 mm x 2 mm can be
inserted into the bottom of the flow channel
chamber. The dimensions of the channel are 17 mm
width and 7 mm height when the lid is closed. The
sample plates are fixed by lateral heat-insulating
clamping bars made of NECURON®. These shall
mainly ensure that the fouling-inducing heat flow
only comes from below the sample plates. The heat
is induced by four small heating bars which are
arranged crosswise to the flow. They are 8 mm in
diameter and are placed 10 mm below the heat
transferring surface. The flow channel can be
operated up to a Reynolds number of Re ≈ 775.
Therefore an inlet length of 0.36 m was realised,
required for a fully developed flow pattern.
Basically, the channel can be operated in two
modes. i) in open mode the lid is removed. Therefore
the outlet of the channel has a 2 mm larger diameter
to ensure an undisturbed outlet flow. As a result, the
liquid level can be kept relatively constant. Due to
the length of the flow path (inlet and channel) the
change of the liquid level in the heating zone is less
than 3 % and can be neglected. In combination with
an open mode, the fouling layer formed does not
experience any increase in shear force due to a
decrease in cross-section. ii) in closed mode, the lid
of the channel is installed. Here, clamp closures with
a contact pressure of 50 N ensure a quick and easy
opening and closing. In the closed mode, the
influence of increased shear forces on fouling and
ageing phenomena can be investigated by increasing
the flow velocity (caused by local fouling or set by
the pump). The needle valve in the outlet serves to
regulate the liquid level to fill the entire channel
cross section in case of lower flow velocities. In
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addition to the fluid dynamic characterisation, the
flow channel is equipped with one thermocouple
each for the inlet and outlet and ten local
thermocouples below the heat transferring surface
(see Fig. 3) for the thermal characterisation.

The entire aged fouling layer is regarded as
being composed of discrete sublayers with a certain
layer thickness xfI,II,...(t0…i), changing in their
properties. Three assumptions are made: i) the layer
thicknesses of the sublayers do not change due to
ageing (eq. 3); ii) the properties (in particular the
thermal conductivity λfI(ti)) of the first deposited
layer, which is defined as the bottom layer xfI(t0…i) is
not constant (due to the increasing temperature at the
heat transferring surface); iii) the top layer xfI,II…(t1)
has the properties equal to the start (eq. 3), since the
conditions of the bulk phase do not change.
𝑥𝑓𝐼 (𝑡1 ) = 𝑥𝑓𝐼 (𝑡2 ) und 𝜆𝑓𝐼 (𝑡1 ) = 𝜆𝑓𝐼𝐼 (𝑡1 )

Fig. 3. Order of the ten local thermocouples 2.5 mm
below the heat transferring surface. They are
arranged 10 mm next to each other lateral to the flow
direction and 17.5 mm in flow direction.
The flow channel uses an electric heater to
allow an accurate measurement for surface
temperature at the interface to the liquid flow during
the deposition of foulants. Due to the constant heat
flux the surface temperature of the foulant adjacent
to the bulk fluid remains constant over the test run
which guarantees the same conditions to the top
layer relevant for the deposition. With this the
temperature gradient within the layer which causes
the ageing effect can be adequately determined via
the wall thermocouples and attributed to the
properties of the fouling layer without making any
approximations about the bulk temperature.
In addition, the fouling layer is only exposed to
a temperature profile in the bulk phase over the
length of the sample plate (corresponds to the top
layer). The conditions of the bottom layer, on the
other hand, can be regarded as constant, which is a
big advantage compared to fluidic heating.
Experimental implementation of ageing models
To determine the properties according to the
heat transfer through fouling layers and to apply the
mentioned ageing models a tailored experimental
procedure is required. In the following a new
experimental approach to validate ageing models is
presented (see Fig. 4).

Fig. 4. Principle for the experimental procedure to
investigate ageing.

(3)

Based on these assumptions there are several
sublayers between the top and the bottom layer
which are defined as intermediate layer.
Consequently, the individual sublayers are
experimentally accessible by carrying out fouling
experiments of different times and thus layer
thicknesses.
Fouling experiments
Fouling experiments using whey protein
concentrate with and without simulated milk ultrafiltrate (WPC plus SMUF and WPC) were carried
out. For the WPC experiments 121 g of WPC were
stirred into 2.2 L deionized (DI) water at max. 60°C
on a heating plate until the proteins were completely
dissolved. Then the solution is filled into the vessel
T1. For the WPC plus SMUF solution the WPC is
first dissolved in 1.6 L DI water and is filled into T1.
According to Boxler (2014), three SMUF stock
solutions are prepared and stored for at least 24 h at
5°C [15]. 200 mL of each stock solution are mixed
so that the 600 mL solutions can be filled into T1.
T2 is filled with about 1.5 L of deionized water and
is used for thermal preconditioning of the test rig.
The DI water is degassed for at least 15 minutes in
an ultrasonic bath before the start of the experiment
to avoid gas bubbles on the heat transfer surface.
Before the actual fouling experiments starts, the
test rig is operated with the DI water from vessel T2
until the desired thermal process conditions (inlet
temperature and wall temperatures) are reached.
Thus a correct overall heat transfer coefficient of the
clean surface can be calculated (see figure 6). The
flow is kept constant at 63.4 mL/min. This is
accompanied by a constant liquid level of 3 mm over
the test plates leading to a laminar flow regime with
Re ≈ 250.
When the desired temperature has reached its
steady state, the feed was changed via valve V1.
After switching to the test solution, it reaches the
flow channel and thus the heated zone after about
106 seconds. The residence time of foulants in the
chamber is 3.9 s. The fluid is fed back into the vessel
via the valves V2 and V3. Over a longer time the
WPC solution is accumulated in the vessel T2
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during the experiments. Therefore T2 could also be
used to generate fouling layer. As a result many
fouling layers were produced within a short time.
Following this, the unknown protein concentration
in the bulk phase was not considered in this work.
However, the test plates together with the
fouling layers can be removed and replaced from the
flow channel at any time for ex situ examination.
The same applies to the placement of new clean
surfaces. During this handling the pump did not have
to be switched off due to the slow flow rate of the
test solutions. The process condition and the number
of fouling layers generated at a power input of
140 W are listed in Table 1.
Table. 1. Process condition and the number of
fouling layers (NoFL) generated and used to
investigate the thermal conductivity (see figure7
and 8).
Foulant
NoFL Tin / °C
q / kW/m2
WPC
8
62.2 (±0.6) 45.8 (±0.8)
5
67.0 (±0.1) 44.2 (±3.3)
WPC
9
62.8 (±0.1) 46.1 (±0.3)
plus SMUF
The power input into the fluid relevant for
fouling (respectively the effective heat flux q) was
calculated using the following equation.
𝑞 = 𝑚̇ ∙ 𝑐𝑝 ∙ (𝑇𝑏,𝑜𝑢𝑡 − 𝑇𝑏,𝑖𝑛 ) ∙ 𝐴−1

(4)

In this equation 𝑚̇ is the mass flow through the
flow channel with its corresponding heat capacity cp.
Tb,out is the measured temperature in the bulk outlet
while Tb,in is the inlet temperature. A represents the
heat transferring surface area. Thus the average
efficiency of the flow channel is about 31.1 % for
the experiments carried out. The thermal fouling
resistance can be calculated by the temperature of
the ten local thermocouples as follows:
𝑅𝑓,𝑡ℎ =

1
𝑈𝑓

−

1
𝑈0

=

𝑇𝑤,𝑡 −𝑇𝑤,0
𝑞

(5)

obtain a representative layer thickness for a certain
area, five areas Af,i are defined for which mean layer
height is then determined. This is illustrated in Fig. 5
for the 4th location in the direction of flow; all 5
locations provides similar visual observation and
only the 4th location is presented here.

Fig. 5. Area over the sample plate of the fouling
layer at the 4th location in the direction of flow. Over
this area a 3D image is taken from which the volume
is determined to calculate the representative fouling
layer thickness. The black circles represent the
positions of the thermocouples underneath the plate.
To capture the area of interest the analysis is
performed by taking a series of 3D images which are
composed to a 1 mm x 20 mm image. In this area,
the entire surface may not be covered completely or
an uneven surface topography prevails, therefore the
mean layer thickness is calculated by determining
the fouling volume Vf,i. Divided by the area Af,i this
gives the average layer thickness ̅̅̅̅
𝑥𝑓,𝑖 . After taking
the 3D images the fouling layer were discarded.
𝑉𝑓,𝑖
𝐴𝑓,𝑖

=𝑥
̅̅̅̅
𝑓,𝑖

Thermal conductivity
The measured thermal fouling resistance
compared to the corresponding fouling layer
thickness allows the calculation of the apparent total
thermal conductivity of the fouling layer, which
should be as near as possible to the effective thermal
conductivity due to the laminar flow. Therefore the
mean fouling resistances ̅̅̅̅̅̅̅
𝑅𝑓,𝑡ℎ,𝑖 of two
thermocouples at location i = 1 … 5 were divided by
the fouling layer thickness 𝑥
̅̅̅̅.
𝑓,𝑖

Characterisation of fouling layer
Fouling layer thickness
The aim of this work is to link the measured
thermal fouling resistance via thermocouples to the
corresponding fouling layer thickness. Therefore it
is important to measure both values at the same
location. The fouling layer thickness is measured at
a precise location by using a digital microscope.
The sample plate is placed below the digital
microscope and a fixed point (upper corner) is
defined as zero. Starting from this position, the
location of the temperature measuring positions can
be approached precisely. As mentioned before, the
temperatures are measured at ten positions, which
together represent five locations in the direction of
flow each with two measuring positions. In order to

(6)

̅̅̅̅̅
𝑥

𝑓,𝑖
𝜆𝑓,𝑖 = ̅̅̅̅̅̅̅̅̅

(7)

𝑅𝑓,𝑡ℎ,𝑖

The mean fouling resistance ̅̅̅̅̅̅̅
𝑅𝑓,𝑡ℎ,𝑖 has to be
regarded to the two related thermocouples. So the
temperature Tw,t for the calculation of the thermal
fouling resistance (eq. 5) is based on the following
eq. 8. It is determined over a period of 10 seconds at
the end of each fouling cycle (see Fig. 6).
𝑇𝑤,𝑡 =
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RESULTS AND DISCUSSION
Thermal characterisation
In this chapter the thermal characterisation of
the flow channel and the determination of the
relevant fouling resistances are discussed. Fig. 6
shows the typical courses of the five thermal fouling
resistances over time. A cycle of one fouling layer
production is shown. This fouling layer was formed
at an inlet temperature of 62.2 °C and a heating
power of 140 W corresponding to an area-averaged
heat flux of 45.8 (±0.8) / kW/m2 (see Table 1).

Fig. 6. Course of the thermal fouling resistance at
the five locations in the direction of flow over time
during the generation of one WPC fouling layer. a)
shows the stationary phase, b) the fouling growth
phase and c) the phase of sample removal. The arrow
at 6.7 min marks the change from water to the WPC
solution (by valve V1).
The typical course of the fouling resistances can
be separated into three phases. The first phase (a) is
the stationary phase in which the test rig is operated
with DI water. In this phase the heat transfer
coefficient of the clean surface is determined. This
phase is followed by the growth phase (b), in which
the high WPC concentration results in a very rapid
and sharp increase in the fouling layer thickness
respectively of the thermal fouling resistance. The
aim of this work is to identify ageing by means of
monitoring a change in thermal conductivity during
the growth phase. Therefore this phase is defined as
a fouling layer growth with no increasing removal
due to a further enhanced fluid shear stress. This is
given when the channel is operated without a lid that
restricts or limits the flow cross section. At the end
of the growth phase the highest thermal fouling
resistance is obtained. The transition to the final
phase (c) is clearly visible by a sudden drop in the
fouling resistance. At this point the sample plate
including the fouling layer has been removed.
During this phase (c) the flow medium was also
changed from WPC solution to water. A comparison
between the fouling resistances of phases (a) and (c)

shows a slight difference due to the fact that no
sample plate was inserted in the last phase.
Thermal conductivity of fouling layer
In the following, the results of the overall
thermal conductivity of the entire fouling layer of
WPC (Fig. 7) and WPC plus SMUF (Fig. 8) are
presented and discussed. Based on the measured
fouling resistances and the layer thicknesses, the
thermal conductivity is calculated according to eq. 7
and is shown in dependency of the layer thickness.
For WPC, 65 individual data points are shown in
Fig. 7 with three outliers not included. Fig. 8
presents 45 data points for the WPC plus SMUF
with two outliers not included.

Fig. 7. Total thermal conductivity of WPC deposits
at different fouling layer thicknesses.

Fig. 8. Total thermal conductivity of WPC plus
SMUF deposits at different fouling layer
thicknesses.
Obviously the thermal conductivity 𝜆𝑓 of the
entire fouling layer increases with the thickness 𝑥𝑓
for both systems. Based on this, the values can be
approximated using a power law approach (see
Table 2) with a regression value greater than 0.8.
These uncertainties are not only due to measurement
and instrument inaccuracies but also to different
bulk temperatures in the direction of flow. Generally
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this could be calculated, however, further
experiments are needed for more extensive data.
Table. 2: Equation and R values for total thermal
conductivity of WPC and WPC plus SMUF fouling
layer depending on their thickness; 𝜆𝑓 in W/(mK),
𝑥𝑓 in mm.
Foulant
Equation
R value
WPC
𝜆𝑓 = 2.21 ∙ 𝑥𝑓 0.60 0.81
WPC
𝜆𝑓 = 1.59 ∙ 𝑥𝑓 0.52 0.83
plus SMUF
Notwithstanding the addition of SMUF the
graphs show a steep increase of 𝜆𝑓 for 𝑥𝑓 < 0.1 mm.
Thereafter the increase flattened.
The thermal conductivity values for deposits
thinner than 0.4 mm are typically below 1 W/(m K).
Compared to the literature these findings are in good
agreement with other authors within this range of
thickness. Tuladhar et al. (2000) determined the
thermal conductivity during swelling experiments of
WPC deposits to ca. 0.26 W/(m K) [16]. Davies et
al. (1997) obtained an effective value of 0.47
W/(m K) [17].
It is expected that the thermal conductivity lies
in between those of water (0.68 W/(m K) at 90°C)
and proteins (0.26 W/(m K) at 90°C) [18]. But
Delaplace and Leuliet (1995) already examined that
the thermal conductivity of whey protein in a plate
heat exchanger could be higher as seen in this work.
The authors reported an apparent thermal
conductivity between 0.27 W/(m K) and 3 W/(m K),
which were based on model calculations and
mentioned that their fouling layers had a brown
colour [19]. This is an indication for cooked and
even burnt proteins which may have a higher
thermal conductivity. But here further investigations
are necessary. As a general trend it could be assumed
that the thermal conductivity increases due to higher
deposit temperatures [20]. In addition, it is also
striking that the absolute thermal conductivity of
WPC plus SMUF generally appears to be smaller
than those of pure WPC even though the thermal
conductivity of calcium phosphate, which is the
main component in SMUF deposits, is about 1.039
W/(m K) [21]. It is possible that the increased
content of Ca ions in the fouling layer binds more
water [22], so that λf assumes lower values.
Due to the small sample size and the deviations
of fitting, further investigations have to follow.
Apart from this, these results can be used for the
verification of ageing models.
Thermal conductivity along the cross secction
The ageing of deposits is accompanied by a
change in thermal conductivity, especially within
the fouling layer. Due to the increase in temperature
from the bulk phase of the test solution to the heattransferring surface, it is expected that the
temperature-dependent properties of the deposits

will also change in a similar manner. To investigate
these phenomena, Fig. 9 shows the change in
thermal conductivity of a 0.18 mm and a 0.6 mm
thick fouling layer for the two component systems.
The entire fouling layer is assumed to consist of 3
and 10 sublayers (I … III; I … X) with a thickness
of 0.06 mm each. According to Table 2, these
calculations are based on a thermal conductivity of
0.8 W/(m K) and 1.6 W/(m K) (WPC) as well as
0.7 W/(m K) and 1.2 W/(m K) (WPC plus SMUF)
for an entire fouling layer of 0.6 mm and 1.8 mm
respectively.

Fig. 9. Local thermal conductivity within fouling
layers of 0.18 mm and 0.6 mm thickness of WPC
and WPC plus SMUF. III (t = 0 s) and X (t = 0 s)
represent the top layer, I always the bottom layer.
It is noticeable that the values for λi increase
significantly towards the heat transferring surface
(III→I; X→I), independent of foulant or time. When
the fouling layer increases from 0.18 mm to 0.6 mm,
then ageing also occurs, which can be described by
the following three characteristics.




The thermal conductivity of the uppermost
fresh layers (t = 0s) remains unchanged at
0.4W/(m K) (for WPC and WPC plus SMUF);
The thermal conductivity of the bottom layer
close to the heat transferring surface increases
by a factor of 2 approximately compared to λf;
The upper two sublayers (X and IX) are
characterised by a more significant change in
thermal conductivity than the other sublayers
closer to the heat transferring surface.

The assumption that the course of the thermal
conductivity can be divided into two sections
possibly indicates a front in which the water content
is increased. Since the upper layers represents the
interface to the liquid phase, it is to be expected that
the water content in this part of the deposits is
higher. With an obtained thermal conductivity in the
top layer III (t = 0 s) (for layer of 0.18 mm) and X (t
= 0 s) (for layer of 0.6 mm) the water content ε of
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35 % (WPC) and 26 % (WPC plus SMUF)
respectively can be assumed according to eq. 9. The
data for 𝜆𝑠𝑜𝑙𝑖𝑑 correspond to proteins and were taken
from [18]. Therefore it was assumed that the thermal
conductivity of the solid do not differ from WPC to
WPC plus SMUF.

reaction control to bulk reaction control when the
protein is exposed to different temperatures [23].
However, it is also possible that exceeding a critical
temperature of 100 °C is decisive for the observed
dependencies. This has to be investigated in future
experiments.

𝜆𝑒𝑓𝑓 = 𝜆𝑤𝑎𝑡𝑒𝑟 ∙ 𝜀 + 𝜆𝑠𝑜𝑙𝑖𝑑 ∙ (1 − 𝜀)

CONCLUSION
An experimental approach is presented to
analyse ageing phenomena of food-based whey
protein deposits. For this purpose a new laminar
flow channel was developed (Re ≤ 775) and allows
a precise thermal analysis of the deposition and
ageing process. The determined thermal fouling
resistance could successfully be linked to the layer
thickness determined by a digital microscope. As a
result the thermal conductivities of whey protein
deposits were calculated with absolute values
matching closely with literature.
Assuming that a fouling layer consists of
different sublayers, it could be shown that the ageing
process is characterised by increased thermal
conductivity (up to a factor of 2) close to the heat
transferring surface compared to the rest of the
deposit. The thermal conductivity in the layer near
the interface to the fluid flow (top layer) remains
constant at about 0.4 W/(m K) while the layer near
the heat transfer surface (bottom layer) changes by a
factor of up to 9 (WPC) and 6.5 (WPC plus SMUF).
This change within the deposit can be linked to the
temperature prevailing at this location. However,
further experiments are necessary to achieve a more
precise correlation between the local thermal
conductivity and the layer thickness, furthermore
under increased shear forces. The water content in
the deposit should be determined as well. In
addition, a detailed relationship to temperature over
a larger temperature range and the influence of bulk
temperature has to be investigated.

(9)

From the third sublayer (VIII) onwards (for
layer of 0.6 mm), there seems to be an
approximately linear increase in thermal
conductivity towards the heat transferring surface.
Within this range, the thermal conductivity values
are significantly higher than those of solid proteins
or water. This phenomenon probably indicates
structural changes of the deposit and should have a
significant influence on the thermal properties of
such fouling layers.
Temperature dependency
The change of fouling layer properties with
temperature may be a strong indicator for ageing
properties. Figure 10 shows an example of the
calculated thermal conductivity in the bottom layer
for WPC with an inlet temperature of 62.17 °C (see
Table 1) as a function of the mean temperature in the
bottom layer. This was determined using Tw,0 and
Tw,t.

Fig. 10. Local thermal conductivity of WPC
deposits in the bottom layer over mean temperature
in the sublayer.
There seems to be a direct dependence between
the thermal conductivity and the internal deposit
temperature. This statement is supported by Rvalues of over 0.9 (for WPC plus SMUF R > 0.92)
by linear fitting. As a result, the thermal
conductivity increases linearly with increasing
temperature in the investigated range. It is
noticeable that no approximation of the values is
possible independent of the position of the
temperature measuring positions. This possibly
indicates an influence of the bulk temperature.
Belmar-Beiny et al. (1993) mentioned that
deposition can undergo a change from surface
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NOMENCLATURE
A
area of fouling layer, m2
cp
heat capacity, J/ (kg K)
k
rate constant, s-1
𝑚̇
mass flow, kg/s
NOFL number of fouling layer
q
heat flux, W/m2
Rf
thermal fouling resistance, m2 K/W
SMUF Simulated Milk Ultra Filtrate
t
time, min
T
temperature, °C
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U
V
WPC
x
y
ε
λ

overall heat transfer coefficient, W/(m2 K)
volume of fouling layer, m3
Whey Protein Concentrate
thickness, m
youth variable
water content
thermal conductivity, W/(m K)

Subscript
b
bulk
channel flow channel
f
fouling
fluid
fluid
growth growth phase
i
discrete values, stepwise parameter
in
inlet flow
I,II,... Number of sublayer; starting from the wall
out
outlet flow
th
thermal
w
wall
0
clean surface
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