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A B S T R A C T   

Fouling plays a major role in the Dairy industry. Five criteria: defined flow, no circulation, real factory product, 
defined product temperature and defined wall temperature, are used to review articles on this topic published 
between 2003 and 2020. To show the effect of those criteria in experiments, a simulation model is developed. For 
a good experimental design to measure fouling, the use of a dairy product in a tubular heater with a known 
developed flow is advised. The temperature-time history of the product and the wall temperature of the heater 
should be recorded. Circulation of a product will increase the fouling and decrease the flow. Although none of the 
reviewed articles complied to all criteria, 71% of the reviewed articles met at least two criteria. If not all criteria 
are met, the results are of less use for the application for process lines on industrial scale. A simulated computer 
model can be helpful.   

1. Introduction 

Deposition of milk proteins causes fouling of heating equipment in 
the dairy industry. Depending on operating temperatures fouling is 
caused by different phenomena or a combination of these: bio-fouling 
(below 80 ◦C), denaturation of proteins (80–120 ◦C) and crystalliza
tion and precipitation of salts (60–140 ◦C). At extreme high tempera
tures (140–180 ◦C) the fouling layer may consist of complex aggregates 
of proteins and minerals (P. De Jong, 1997). Fouling decreases heavily 
the capacity of process lines by roughly 10% (De Jong, 1997), due to 
decrease of run times and increase of cleaning times. In the Netherlands, 
about 14 billion kg milk is annually processed and as a consequence 
heated one or more times (Productschap Zuivel, 2020). It is obvious that 
deposited milk constituents means also product loss. For example, in 
case of 0.1% product loss due to fouling 14 million kg milk is lost. From 
LCA analyses it is known that it costs roughly 10 MJ to produce 1 kg of 
raw milk (Kramer, 2014) Hence, 0.1% product loss corresponds with 
140 TJ energy loss. Given the fact that roughly 10% of processing time is 
needed for cleaning and up to 1% of the product is lost by fouling, 
deposition of milk components is a continuous subject of research for 
many decades. 

In order to find the optimal design and operation to minimize the 
amount of fouling, computer models which predicts the amount of 

fouling, have been developed. In the dairy industry one of the first 
predictive fouling models to be used on industrial scale was developed in 
the early nineties (P. De Jong et al., 1993). From that point onwards a lot 
of authors have elaborated on the fouling mechanism based on the 
denaturation (i.e. molecular unfolding) of β-lactoglobulin (Petit et al., 
2013; Marwa Khaldi et al., 2016; Blanpain-Avet et al., 2016; Truong 
et al., 2017). Predictive fouling models enable to translate lab and pilot 
plant data towards the impact of process design and operating condi
tions on fouling and product losses at industrial scale. (Ojaniemi et al., 
2012; Laurent Bouvier et al., 2014; Erabit et al., 2016; Benning et al., 
2003; Gu et al., 2019). Once a validated fouling model is available, the 
optimal temperature-time history of the heated product at which fouling 
is minimal can be estimated and all the other products requirements 
such as food safety are met (De Jong, 1996). 

In order to determine the effect of process conditions and equipment 
design on the progress of fouling, several experimental set-ups are re
ported in literature. The results were used by the authors for example to 
determine the parameter values of a predictive fouling model. In liter
ature a large variety of methods to measure fouling can be found. 
However, it is not always clear to what extent the experimental method 
itself is appropriate to use outcomes for the development of a useful 
predictive model for simulation of industrial processes. The setup should 
mimic not just the temperatures of the industrial process line, but relate 
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local conditions such as wall temperatures, shear rates, product history 
(i.e. pre-treatment) to the local fouling rate. Ideally, the model should be 
based on a reaction kinetic description so that in principle it can be used 
at every scale. 

This review article will present a critical evaluation of the experi
mental set-ups and procedures used to measure fouling reported in 
literature. The evaluation is based on four criteria with respect to 
experimental set-up: (1) defined flow, (2) defined product temperature- 
time history, (3) defined product composition, (4) defined wall tem
peratures. When one of these criteria is not met, the fouling model might 
have limited value as a tool for fouling reduction on industrial scale. 

First, the criteria are described and illustrated by model simulations 
with a well-established fouling model based on the denaturation kinetics 
of β-lactoglobulin. Then, an overview of experimental set-ups used for 
model development in literature is given. Next, the set-ups are evaluated 
with the presented criteria. Finally, suggestions for an optimal experi
mental set-up will be given. 

2. Material & methods 

2.1. Fouling model 

In this section the description of the fouling model is given, used to 
show the limitations of an experimental fouling set-up when conditions 
are undefined or incompletely reported. The core of the model is a well- 
established 1-dimensional reaction model for prediction of milk fouling 
in heat exchangers (P. De Jong et al., 1992; Jun and Puri, 2005; Peter
meier et al., 2002). In this model it is assumed that the deposition rate of 
milk components (i.e. proteins) is proportional to the concentration of 
unfolded milk protein β-protein CU and the surface temperature in the 
heat exchanger. The concentration CU follows from the reaction rate 
equations: 

dCN

dt
= − kUCN ,

dCU

dt
= kUCN − kAC2

U ,
dCA

dt
= kAC2

U ,

Where CN, CU and CA are the concentrations of resp. native, unfolded 
and aggregated proteins in g.l− 1, kU and kA are the reaction rate con
stants of resp. the unfolding and aggregation of proteins in s− 1 and l.g. 
s− 1. The time t is the residence time of milk in the heat exchanger. The 
used activation energies were 261.4 kJ mol− 1 for unfolding and 288.5 
(70–90 ◦C) and 54.7 (90–150 ◦C) kJ.mol− 1 for aggregation, respectively. 
The related natural logarithm of pre-exponential Arrhenius factors used 
were resp. 86.41, 91.32 and 13.99. 

The deposition is also assumed to be dominated by thermal activa
tion, and therefore by an activation energy (De Jong, 1996). The tem
perature dependency of the deposition rate is described by the Arrhenius 
equation: 

k′′ = k′′0 exp
(

−
Ea

RTs

)

(I)  

Where k” is the adsorption rate of denatured protein in kg.m− 2. s− 1, k0 is 
a pre-exponential constant, Ea is the activation energy in J. mole− 1, R is 
the gas constant J. mole− 1. K− 1 and Ts the surface temperature in K. 

This equation can also be written as: 

ln k′′ = ln k′′0 −
Ea

R
1
Ts

(II) 

The deposition rate is described by: 

Jf = k′′C1.2
u (III) 

In which Jf is the fouling rate in kg.m− 2. s− 1, the constant k’’ in m3 

(n− 1)+1. kg(1− n). s− 1 and CU is the concentration of unfolded β-lacto
globulin. The activation energy used was 45.1 kJ mol− 1 with a ln (k0) of 
− 0.82 (De Jong, 1996). 

A computer model in Excel was constructed in which the local 

fouling rate can be estimated in a virtual experimental set-up consisting 
of a heater, holder and cooling section. Dimensions, flow and temper
atures can be adjusted. Effect of temperature, experimentation time, 
flow regime (laminar, turbulent) and flow circulation on the amount of 
fouling can be simulated. A schematic set-up is shown in Fig. 1. 

The initial concentration of β-lactoglobulin is assumed to be 3.2 g/l. 
This is an average number (Walstra and Jenness, 1984). In practice this 
number will vary from case to case, however, it may affect the absolute 
outcome of the model but not the trends and conclusions used in this 
review. The same holds for the effect of fouling on the shape of the 
temperature profile in the heat exchanger. Further it is assumed that the 
amount of deposit is <1% of the total solids in milks that passed the heat 
exchanger. Hence, the effect of deposited solids on the heat exchanger 
surface on the bulk concentration of β-lactoglobulin is neglected. Milk is 
considered as a continuous single phase solution of proteins and other 
milk components in water. Any effects of protein size on reaction rates 
are neglected. Dimensionless numbers such as Reynolds and Sherwood 
are used for evaluation of flow effects on fouling near the surface of the 
heat exchanger. 

2.2. Local effects 

In turbulent plug flow it can be assumed that the bulk concentration 
of the unfolded proteins is more or less equal to the concentration near 
the surface. However, when the flow is laminar it might be more accu
rate to use the concentration at the mass transfer boundary layer (De 
Jong, 1996). The thickness of the boundary layer can be estimated by 
using of the following equations: 

δC =
d
Sh

(IV)  

Where d is the hydraulic diameter of and Sh the Sherwood number. Sh 
can be estimated from: 

Sh= 0.027Re0.8Sc0.33 (V)  

With the Schmidt number defined as: 

Sc=
η

ρÐ
(VI)  

Where η is the dynamic viscosity of the bulk (kg.m− 1. s− 1), ρ the density 
of the bulk (kg.m− 3) and Ð the diffusion coefficient of the protein (m2. 
s− 1) For further details, see (De Jong, 1997). Depending on the flow 
regime the thickness δC lies between 10− 5 and 10− 4 m. In case of a fully 
developed laminar flow, the velocity of the liquid will be lower close to 
the wall according to the velocity profile of laminar flow (Stigler, 2014): 

vC = 2v

[

1 −
(

d − 2δC

d

)2
]

(VII)  

Where v is the bulk velocity (m2. s− 1) and vc the velocity of the liquid at 
the boundary layer (m.s− 1). In general the velocity of the liquid will be 
lower near the surface and thus the residence time of the liquid be 
longer. 

2.3. Criteria for experimental set-ups 

In order to investigate the effect of process design and conditions on 
the fouling rate it is crucial to know as accurately as possible the local 
conditions at the steel surface applied in the experimental setup: surface 
temperature, bulk temperature, concentration of unfolded β-lactoglob
ulin and shear rate. Since the fouling rate is also depending on the de
gree of denaturation of β-lactoglobulin, also the temperature-time 
history of the product should be defined. In order to investigate the 
value of these local conditions in an experimental setup, some criteria 
have to be met. 
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2.3.1. Defined flow 
Flow characteristics (i.e. developed laminar, developed turbulence, 

non-developed flow) have a major effect on the temperature-time his
tory of the product exposed to heating. As a consequence the denatur
ation of β-lactoglobulin will be affected. Flow also influences local heat 
transfer and shear stress near the surface. Since the adsorption rate of 
deposits is also depending on shear (De Jong, 1997) and on the local wall 
temperature, knowing and quantifying the flow characteristics is 
crucial. As a consequence the flow should be developed, either laminar 
or turbulent. The use of static mixers, to enhance heat transfer, will 
result in an undefined flow and is therefore not appropriate for model
ling purposes. In general, turbulent flow is more easy because flow can 
be considered as plug flow with a uniform radial temperature profile. 
However, turbulent flow with small hydraulic diameters, typically for 
experimental setups, is not easy to achieve. Velocities have to be high 
and consequently the overall pressure within the system increases. 
Instead developed laminar flow can be applied if heat transfer is defined 
and wall temperatures can be accurately measured or estimated. 

2.3.2. Defined product temperature-time history 
Temperature-time history needs to be known in order to estimate the 

local concentration of unfolded β-lactoglobulin. As described above the 
flow characteristics are important to be able to estimate the local tem
peratures. But also the temperature-time history of the product before it 
is used in an experiment must be considered. In most of the cases the 
milk was already standardized and (at least) heated at lower tempera
tures (68–72 ◦C). This modest pre-treatment will already initiate the 
unfolding of β-lactoglobulin. In this way, the initial concentration of 
unfolded β-lactoglobulin will not be 0 but an unknown value. It is clear 
that product circulation to realize a certain run time will also result in an 
undefined temperature-time history. As a consequence, the local con
centrations of unfolded and aggregated β-lactoglobulin will change all 
the time, increasing towards complete denaturation/aggregation. 

2.3.3. Defined product composition 
It might be useful to apply model solutions (e.g. β-lactoglobulin in 

water) to study the effect of certain milk components on the fouling 
rates. However, it is known that the entire milk matrix has an effect on 
both denaturation kinetics (Hausmann et al., 2013) and adsorption rate 
(Balasubramanian and Puri, 2010). For that reason it is advised to use 
complete products for experimental trials and determination of the 
model fouling parameters. Only these parameters can be used for 
simulation of industrial processes in a useful way. 

2.3.4. Defined wall temperatures 
Since fouling is an adsorption reaction between milk components 

and the wall, it is important to know what the local conditions near the 
steel surface are. Flow characteristics are not determined by product and 
flow characteristics only. Also the surface roughness and structure and 
the process configuration plays a role. For example, in plate heat ex
changers the surface is structured to enhance heat transfer. Also the flow 
(rate) between to plates is not uniform. All this makes it very difficult to 
estimate the local conditions at the surface. For that reason tubular heat 

exchangers, with comparable surface roughness and without static 
mixers, will give the most appropriate results. 

2.4. Evaluation of experimental set-ups in literature 

The literature was reviewed with respect to articles describing 
fouling measurements of bovine milk systems in a small scale setup (up 
to 250 L batch and 85 L per hour continuous). In total 56 articles have 
been reviewed. Publication dates were between 2013 and 2020. All 
those articles were listed on their main characteristics: material used, 
measuring principle (batch/continuously), recycling, method of quan
tifying the fouling, measuring details, scale, type of heat exchanger, 
temperature range, cleaning and sample area. In addition, from 35 ar
ticles the described experimental set-up was evaluated on four criteria 
described above: (1) defined flow, (2) defined product temperature-time 
history (no circulation), (3) product composition and (4) defined wall 
temperatures. The other 24 articles contained insufficient detail to make 
a complete evaluation. The used methods were not clearly described, the 
experiments were too small scale experiments, the product used was not 
milk or dairy and some articles were more focused on modelling, instead 
of the experimental part. 

3. Results 

3.1. Impact of experimental setup to measure fouling rates 

In this section, simulations with the described fouling model show 
the effect of using a certain experimental set-up for measuring fouling 
rates, resulting in data to be used in a predictive model. In order to 
illustrate the effect of a certain configuration, the virtual experimental 
setup is used to perform simulations with the predictive fouling model 
described above. In this way the impact of the setup can be estimated. 
Evaluation of published articles is summarized in the next section. 

3.1.1. Circulation 
In order to create a certain run time and to use a limited amount of 

product, it could be decided to apply flow circulation in the experi
mental setup. However, as a consequence the temperature-time history 
of the product and more importantly, the local concentration of 
unfolded β-lactoglobulin will change during the experiment and thus is 
not defined. Fig. 2 shows the local fouling rates, when the product is 
circulated as a function of the number of cycles. Applied temperatures 
are 60 ◦C inlet, 90 ◦C holding and 65 ◦C outlet. In the first cycle the 
highest amount of fouling is seen in the holding section. A decrease of 
fouling is seen after every run, due to the succeeding aggregation of the 
unfolded protein. During the circulation, the concentration of the 
unfolded protein will change continuously. The exact concentration of 
the unfolded β-lactoglobulin is unknown and difficult to measure. This 
will lead to different conditions above the same surface. In general it can 
be stated that in case of long run times, realized by circulating flow, this 
will result into lower fouling rates than without circulation. 

Fig. 1. Schematic overview of the used simulation model with the options for no-circulation and circulation.  
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3.1.2. Wall temperature 
Following from the fouling model, the fouling rate is directly 

controlled by the local concentration of β-lactoglobulin and the wall 
temperature, not the bulk temperature. Since the bulk temperature af
fects the denaturation, there is an indirect effect of this temperature on 
the fouling rate only. For example, in the heating section the wall 
temperatures will be higher than the bulk temperature. In case the 
measured fouling rates are related to bulk temperatures, the derived 
model will predict too high fouling rates at a given temperature and will 
not account for the effect of the wall temperatures. At industrial scale, 
depending on the equipment design, the difference between wall and 
bulk temperatures may be substantial (up to > 10 K). In Fig. 3 the effect 
of the surface temperature on the fouling rate is demonstrated. An in
crease of the wall temperature by 2 ◦C results in an increased fouling rate 
by 8.5%. In many reported cases the surface temperature is not 
measured or estimated. Only the liquid bulk temperature is measured. 
However, depending on the temperature of the heating medium (e.g. oil, 
water, steam) and the heat transfer coefficient, the local surface tem
perature will be somewhere between the temperature of the heating 
medium and the liquid bulk temperature. Also in case of no heating 
medium, for example with a holding tube, the surface temperature will 
differ from the bulk liquid temperature. This effect will increase when 
the holding tube is not or insufficiently isolated. It is not easy to measure 
the wall temperatures in an experimental setup. However, when the heat 
and mass balances and flows (product, heating and cooling water) are 

well defined, the wall temperatures can be estimated. For example, for 
tubular heat exchangers there are well established heat transfer models 
available. 

3.1.3. Flow regime 
Ideally the flow in the experimental setup is fully developed turbu

lent plug flow. In that case the concentration of unfolded β-lactoglobulin 
near the surface is more or less equal to the bulk concentration. How
ever, in most systems this is hard to realize. The Reynolds number has to 
be above 2300. For example, with water at 80 ◦C and a tube with a 
diameter of 5 mm this means a minimal velocity of 0.5 m/s (~35 l/h in 
the virtual experimental setup). In case of a lower Reynolds number, the 
velocity near the surface will be lower meaning also a longer residence 
time of the liquid near the surface. As a consequence the denaturation 
degree will be higher and thus the fouling rate is influenced. 

With equations (III) to (VII) the velocity and residence time of the 
milk at the concentration boundary layer near the surface was predicted 
using the fouling model and virtual setup. To achieve this, the boundary 
layer at Re = 2300 and a temperature of 90 ◦C was calculated. With this, 
the velocity in the boundary layer was determined. A flow was simu
lated, corresponding with Re = 2300 to determine the local fouling rate 
as function of the tube length. The last step was to simulate the fouling 
rate as function of velocity at the wall and boundary layer. The resulting 
numbers were used to calculate the local fouling rates. 

In Fig. 4 the results are presented. It is obvious that with laminar flow 
the denaturation process has proceeded more and the local fouling rate 
is affected. This will immediately cause a higher fouling rate in the pre- 
heating section (section 1) where the majority of the β-lactoglobulin is 
denatured. With a local laminar flow the highest amount of fouling can 
be found in the heating section. For a turbulent flow the highest amount 
of fouling can be found at the holding section. 

3.1.4. Plate versus tubular 
General plate heat exchangers are more effective in terms of foot

print and heat transfer when compared to tubular heaters. Structured 
plates enhance heat transfer. However, the flow is not uniform and not 
well defined. This makes it more difficult to accurately upscale the 
experimental results towards industrial scale. In addition plate heat 
exchangers are more sensitive to fouling (Finnis, 2009) due to the 
limited plate distance. Another consequence of the small plate distance 
is that the system is more sensitive to high viscous fluids, which might 
result in huge pressure drops. 

3.1.5. Static mixer 
Static mixers are used to enhance the heat transfer of the system or to 

continuously mix fluid ingredients. However, it is obvious that the use of 
a static mixer causes an undefined flow. The flow of the liquid is not 
constant and mostly chaotic. It is also known static mixers can cause 
unmixed regions (Qiao et al., 2012). 

3.2. Review of experimental set-up reported in literature 

In total 35 articles have been reviewed based on to what extend they 
meet the criteria for a proper experimental setup as described above. 
The work done by the authors is well respected and shows a big progress 
in the field. Note that not all research done fits completely to the aim off 
this article, because the focus lies on predictive modelling. The articles 
are shown in Table 1. Fig. 5 shows some general characteristics of the 
research described. It is obvious that most authors use temperatures at 
which protein denaturation takes place (80–120 ◦C). However, in the 
industry most serious fouling problems occurs at temperatures above 
120 ◦C. To realize these temperatures in an experimental setup steam 
supply and higher operating pressures are needed. This might be the 
cause that the majority (>80%) of the experiments were performed at 
temperatures below 120 ◦C. It is remarkable that in roughly 50% of the 
articles the execution of cleaning was not mentioned. Looking at the 

Fig. 2. Simulated fouling rate as a function of number of cycles. Five cycles 
were simulated with a flow of 0.15 m3/h and a speed V = 0.53 m/s. 

Fig. 3. Simulated fouling rates at the preheating (60–90 ◦C) and the holding 
section (90 ◦C) with different wall temperatures The red line shows the fouling 
at 90 ◦C. The two lower lines show the fouling with a change in wall temper
ature of respectively − 1 ◦C and − 2 ◦C, while the 2 top lines show the fouling 
with wall temperatures of respectively +1 ◦C and +2 ◦C. 
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scale of the setup most experiments were done on lab-scale (<20 l/h). In 
most cases the follow rate was measured with a steel surface bigger than 
10 cm2. A significant part of the experiments were carried out on lab- 
scale or pilot plant-scale. 

In Fig. 6 the results of evaluation of the reported experimental setups 
regarding the criteria described in this article are shown. 

In about one fourth (26%) of the reviewed articles, milk is used as a 
product to determine fouling. In one fourth (28%) of the articles a WPI 
solution is used in different concentrations. β-lactoglobulin solutions are 
used in 10% of the evaluated articles. In the majority of the articles a 
Plate heat exchanger (PHE) (industrials scale, lab scale, modelling) is 
used for heating (51%), while only 17% were using a tubular heater; 
29% used batch process, while 71% uses a continuous process. Recycling 
was not used in 77% of all methods. The rest uses circulation, or it was 
not clearly described. A variety of methods was used to measure the 
fouling rate. Often used is weighing of the amount of fouling (PHE 
dismantled, plates are dried and weighed). The scale of all the experi
ments varied from lab scale (<20 l/h); 34%) to pilot plant scale (20–200 
l/h; 49%) and unknown (17%). 

In one third of the articles (37%) cleaning was specifically 
mentioned, 54% did not clean or it was not mentioned in the article, 9% 
mentioned specifically that cleaning took place before use. 

When looking at the sample area, it could be said that if a pilot plant 
PHE was used, the effective heating area varied between 0.074 m2 and 
0.095 m2 in 31% of all articles. In about 2/3 of these heating areas 
(64%), 0.074 m2 was used. 

Of all articles used for this review article, a set flow was described for 
about 2/3 (68.6%) of the articles, although it must be said that when 
using a PHE the flow is not homogeneous in all parts of the PHE. For 
most of the reviewed articles, the conditions at the wall are not clear. 

4. Discussion 

4.1. Usefulness of reports of fouling research in literature 

It should be noticed that not all authors performed their research to 
develop a predictive fouling model. In many cases the experimental 

setups were designed to study phenomena such as the effect of tem
perature or product type on the amount of fouling. However, the 
background motivation to perform the research was also to give advice 
to the industry on how to decrease the amount of fouling. If is taken into 
account to what extend the criteria described in this paper are met, the 
results still can be insightful. However, the results cannot be used for 
translating the results directly to the industrial process line, let alone, to 
develop a predictive fouling model. 

Performing fouling experiments cost a lot of time. In order to get a 
sufficient (and realistic) amount of fouling on the steel surface, several 
hours of running time might be needed. In case of a valuable product and 
a continuous operating experimental setup, a substantial amount of 
product is needed for just one measurement of the fouling rate. This is 
another reason to carefully design your experimental set-up. In addition, 
well designed and described experimental setups, make it possible to 
reuse the measured fouling rates by other authors to develop a model 
and to estimate the value of the model parameters. 

In summary, for an appropriate experimental setup to measure 
fouling rates on lab/pilot scale the following check list can be used.  

• Tubular flow  
• Reynolds >3000 (developed turbulent flow) or < 1500 (developed 

laminar flow)  
• Continuous operation, without circulation of milk product  
• Standardized cleaning to ensure that the steel surface is really clean  
• Operation time per experiment >2 h or 0.5 h if the start of the fouling 

process is subject of study  
• Make use of a fixed product (milk)  
• If possible use a tubular heater with a constant, defined flow  
• Use a well-defined temperature-time profile  
• Monitor/determine the wall temperature 

5. Conclusions 

In this article recent publications on milk fouling research were 
critically reviewed for five described criteria: defined flow, no circula
tion, real factory product, defined product temperature-time history and 

Fig. 4. Comparison between calculated fouling rates in different sections with turbulent and laminar flow (inlet 60 ◦C, holding 90 ◦C, outlet 60 ◦C) near the surface 
with Re = 2300. In the bars the average amount of denatured β-lactoglobulin is shown (g/l). 
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Table 1 
Overview of articles which are checked on the mentioned criteria (defined flow; defined product temperature-time history; 
defined product composition and defined wall temperatures). The numbers 1–5 correspond with the characteristics mentioned 
in Fig. 6 (1 = continuous flow; 2 = tubular/plug flow; 3 = tubular heating system; 4 = no product circulation; 5 = real milk 
product (Ali et al., 2013; Blanpain-Avet et al., 2020; Bouvier et al., 2019; Boxler et al., 2014a,b; Challa et al., 2015; Chen et al., 
2004; Gandhi et al., 2017; Graf et al., 2020; Hagsten et al., 2016; Huang and Goddard, 2015; Joanna et al., 2016; Khaldi et al., 
2015; Liu et al., 2020; Lv et al., 2015; Pan et al., 2019; Phinney et al., 2017; Prakash et al., 2005, 2015, Shen et al., 2017a,b, 
Wallhäußer et al., 2012, 2013; Wilson, 2018; Yang et al., 2018). 
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Fig. 5. General characteristics of the experimental setup to measure and study fouling behaviour in research recently reported in 32 articles. (a) Operating tem
perature, (b) Reported cleaning of the setup, (c) Capacity of the setup defined by product flow, (d) Area of surface at which fouling was measured. 
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defined wall temperatures. This to be used for a fouling model with a 
direct link to the industry. It turned out that 70% of the reviewed articles 
met 2 or more criteria. None of the reviewed articles complied to all 
criteria. As a consequence the results have a limited application for 
process lines on industrial scale. For future fouling research it is advised 
to use a real milk product of interest, turbulent flow, continuous oper
ation without circulation of product, thorough and validated cleaning 
procedures and sufficient operating times. A computer model can help to 
simulate the industrial circumstances and to demonstrate the effect of, 
for example, different wall temperatures on fouling. 
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