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ABSTRACT 

Micro heat exchangers enhance heat and mass 

transfer compared to conventional heat exchangers 

which promotes an increased energy efficient 

application in many industries. Despite these 

advantages, micro structured components in general 

are prone to fouling and therefore to blocking 

phenomena which limits their industrial application. 

Since fouling is not always avoidable, cleaning 

strategies are essential and have to consider 

phenomena which are specific for micro structured 

components. Since swelling always occurs at the 

beginning of the cleaning of protein-based deposits, 

leading to an increase in the deposit volume and thus 

to a reduction in cross-section, blockage and a 

corresponding process interruption may still occur 

even during cleaning. In order to be able to develop 

an automated cleaning process for micro heat 

exchangers, swelling and associated blocking 

phenomena need to be identified first to control 

swelling during cleaning. For experimental 

investigations, a dyed model soil system is cleaned 

first in a diffusion-based setup to investigate the 

swelling and dissolution without flow impact and 

afterwards in a one-dimensional micro structured 

flow channel through the circulation of a sodium 

hydroxide solution. First results indicate options to 

reduce swelling and thus to prevent blockage during 

cleaning.  

INTRODUCTION 

Micro components are defined as having one 

characteristic dimension smaller than 1 mm, 

resulting in small hydraulic diameters and 

correspondingly large surface-to-volume ratios. 

Hence, micro heat exchangers enhance heat and 

mass transfer compared to conventional heat 

exchangers which promotes an increased energy 

efficient application in pharmaceutical, chemical 

and food industries [1]. Despite this advantage, 

micro structured components in general are prone to 

fouling and blocking phenomena due to their small 

dimensions which limits their industrial application 

[2,3,4]. Fouling is a well-known concern at the 

macroscale but is more severe at the microscale 

because of the small cross flow sections and the 

much higher risk of blockage, leading to process 

disturbances. Nevertheless, little attention is paid to 

the study of fouling at microscale [2,5]. Schoenitz et 

al. noted that most research of fouling in micro scale 

focuses on particulate fouling, due to the beneficial 

effect of a micro scale in processes involving 

particles. However, there is a lack of attention 

towards chemical reaction fouling, with no 

publications on this topic [6]. Even though fouling 

inhibition and reduction options are under 

consideration for the micro scale [7,8], fouling is not 

always avoidable. Besides cost and energy 

efficiency reasons, fouling is also causing issues 

regarding hygiene and product quality. Therefore, 

cleaning strategies are necessary, thus a systematic 

investigation of the cleaning behavior of micro 

structured equipment is essential. Preliminary 

studies have already shown first cleaning options 

and monitoring methods for the microscale [9]. 

Hence, this contribution presents a systematic 

investigation of blocking phenomena during 

cleaning of heat exchangers on the micro scale.  

 

Fundamentals of cleaning 

The formation of swellable deposits, such as 

protein or polymer-based deposits, is a common 

challenge in the process industry as they are 

classified as both reaction and particulate fouling, 

depending on which type is controlling [10, 11]. A 

frequently used model soil system for this category 

in macro scale are protein-based deposits such as 

whey protein isolate [12]. The cleaning of protein-

based deposits is initially divided into three phases: 

the swelling, uniform and decay stages, as shown in 

Figure 1. This process can be quantified via the 

cleaning rate according to [13], which is defined as 

the mass to be cleaned per fouled area and time. As 

soon as the deposit is brought into contact with the 

cleaning agent, the cleaning agent diffuses into the 

deposit, which results in swelling of the deposit. 

Therefore, the described swelling stage is 

characterized by an increase in the cleaning rate. 

Once a constant cleaning rate is reached, the uniform 

cleaning stage begins, where the deposit is removed 
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at the maximum cleaning rate. As soon as only 

isolated patches are left, rather than a consistent 

deposit, the cleaning rate drops and the decay stage 

begins. Cleaning is completed as soon as the 

cleaning rate reaches a value of 0 g∙m-²∙s-1. This 

process can also be identified on a micro scale. As 

the hydraulic diameter decreases, it becomes 

apparent that the first cleaning stage is critical for 

the small dimensions of the micro components, 

since they may still block even during cleaning. This 

poses the risk of process failure during cleaning 

regardless of the possibility of cleaning.  

 
 

Fig. 1. Cleaning stages of a WPI gel defined by 

cleaning rate (black line) and the impact of the 

swelling height (grey circles) on cleaning rate, 

adapted from [14,15].  

 

The cleaning process and thus cleaning rate, is 

dependent on the used cleaning parameters. These 

cleaning parameters are summarized in the so called 

“Sinner’s circle”, which describes the qualitative 

impact of the cleaning parameters temperature, e.g. 

cleaning solution temperature, chemistry, e.g. 

cleaning solution concentration, mechanics, e.g. 

flow velocity, and cleaning time on the cleaning 

efficiency. Consequently, this means that if one 

parameter is decreasing another parameter needs to 

be increased, e.g. if the cleaning solution 

temperature is lower for example the cleaning time 

needs to be higher, as shown in Figure 2. With 

regard to the micro scale, the Sinner’s circle with its 

only four parameters could has its limits. While the 

well understood relations of the parameters on a 

macro scale basis lead to effective cleaning, these 

could be counterproductive for cleaning on a micro 

scale basis caused by the different geometries. 

Regarding mechanical impact on a macro scale basis 

a higher flow velocity and therefore higher Reynolds 

numbers are always preferred. Due to extensively 

high pressure drops in micro scale these are not 

achievable for the latter. With respect to the 

enhanced heat transfer on the micro scale, high 

temperatures typically associated with the macro 

scale may not be necessary for effective cleaning on 

a micro scale. Concerning the chemical impact, 

many authors report an optimal cleaning solution 

concentration for the macro scale, with regards to 

the shortest cleaning time. In comparison to cleaning 

options in the micro scale, an optimal cleaning 

solution concentration could lead to excessive 

swelling and eventually increases the risk of 

blocking. The introduction of a scalability 

parameter, which sets the Sinner’s circle parameters 

based on the scale of the investigated system, could 

solve this issue. 

 
 

Fig. 2. Qualitative relation of the cleaning 

parameters summarized in the Sinner’s Circle. 

 

Fundamentals of swelling 

As already mentioned, the swelling stage is one 

of the phases of the cleaning process and especially 

crucial for the micro scale. The swelling stage 

consists, based on the cleaning rate, of two parts, as 

shown in Figure 1. First an induction period, where 

the protein concentration in solution and therefore 

the cleaning rate stays constant at nearly zero [15].  

Secondly, the induction is followed by a sharp 

increase in the cleaning rate, which indicates the 

start of the gel's dissolution. However, the actual 

swelling of the gel, i.e. the material extension, 

occurs already during the induction phase [14], 

which is not visible based on the cleaning rate. As 

shown in Figure 1, the swelling of the gel proceeds 

asymptotical until it reaches its maximum value. In 

comparison to the cleaning rate this maximal 

swelling height determines the point at which the 

dissolution of the gel becomes apparent [14]. Hence, 

the swelling of the gel is mandatory for dissolution 

and therefore for cleaning.  

Regarding the potential risk of blockage due to 

swelling while cleaning in the micro scale, the 

material extension during the swelling stage is the 

most relevant process. Swelling of whey protein-

based gels was extensively studied on a macro scale 

basis, e.g. Saikhwan et al. introduced different types 

of swelling, characterized by the slope of the height 

increase. The authors report that whey protein 

swelling shows a linear height increase until it 

reaches a plateau [16]. To investigate swelling 

multiple parameters were taken into account 

[14,16], e.g. the swelling rate, the swelling time and 

the extent of swelling. According to the swelling 

type the swelling rate is determined by the slope of 

the height increase. The swelling time is defined as 

the time until the maximal gel height is reached, 

hence before dissolution starts. The extent of 

swelling is the dimensionless result of the difference 
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between the gel height at the beginning and the 

maximal swelling height, as stated in equation (1).  

 

𝑠∗ =
ℎ𝑚𝑎𝑥−ℎ0

ℎ0
         (1) 

 

In order to prevent process failure and to 

develop a cleaning protocol for micro heat 

exchangers, the blocking phenomena during the 

cleaning of swellable deposits are investigated by 

quantifying the effect of the cleaning parameters of 

the Sinner's circle. First suggestions for 

improvement of a cleaning protocol are presented. 

 

MATERIAL AND METHODS 

To characterize blocking phenomena and also 

options for preventing blockage caused by cleaning, 

it is essential to understand the underlying causes of 

this blockage regarding swelling. Therefore, two 

different evaluation systems are considered: a 

diffusion-based setup with indentation measurement 

and a more complex flow system in a test rig, 

resembling the whole cleaning process in the micro 

scale.  

Model soil system 

To conduct reliable blocking and cleaning 

experiments, especially in micro structured   

equipment, comparable and well-defined initial 

conditions, such as deposit height, are essential. 

However, soil deposits formed under flow 

conditions tend to deviate significantly even if the 

process parameters remain constant. Thus, the 

development of a preparation method for model 

soils on the basis of a defined soil system is 

absolutely necessary for comparable cleaning 

investigations. In this regard a thermally induced 

colored hydrogel based on whey protein isolate 

(WPI) is used as a model soil system. The model soil 

layers are generated on stainless-steel sample plates 

in a modular aluminum mold, which is designed in 

order to be able to produce the generated layers with 

an average height of (0.52 ± 0.03) mm and different 

defined widths, e.g., 2.0 mm, 4.5 mm, 9.0 mm and 

18.0 mm, to resemble different channel 

configurations. The manufacturing procedure of the 

model soil system is explained in detail in [9]. 

Diffusion-based experimental setup 

The experimental investigation of diffusion-

based swelling, i.e. without an acting flow regime, 

is carried out in a diffusion cell [17] enabling 

indentation measurements via a Texture Analyser 

“TA.XTplus” and an additional moving system 

“ALIS600” by Stable Micro Systems. The diffusion 

cell has an inner width of 18 mm and a length of 

80 mm, equal to the dimensions of the tested model 

soil systems of 18∙80 mm², to ensure that diffusion 

of the cleaning solution into the gel is only possible 

by the upper surface. To investigate swelling under 

the influence of temperature a closable water bath is 

used, which can be heated externally by a 

thermostat. As a measuring probe a stainless-steel 

cylinder with an outer diameter of 3 mm is used for 

testing. The tested positions on the gel stayed 

constant due to the available automatic positioning, 

as well as the time steps between two measurement 

points. This enables the time-resolved heights of the 

gel to be determined as a function of temperatures 

between 22 °C and 60 °C and sodium hydroxide 

concentrations between 0 wt%, i.e. pure water, and 

2 wt%. Subsequently, these measurement results are 

characterized with regard to various swelling 

parameters, which are described in the section 

Quantification of swelling. 

Flow-based experimental setup 

The experimental investigation of blocking 

phenomena during cleaning micro structured 

equipment under the influence of an additional flow 

is carried out in a rectangular, modular and optical 

accessible flow channel. The clean flow channel has 

a height between (0.60 ± 0.01) mm and (1.00 ± 0.01) 

mm, a width of 18 mm and a length in flow direction 

of 80 mm, resulting in a micro component in one 

dimension, with a surface to volume ratio between 4 

-20 mm²/mm³. Figure 3 clarifies the design of the 

different channels with the varying channel heights 

hch,end = (1.00 – 0.60 ± 0.04) mm. In combination 

with the (0.52 ± 0.03) mm high model soil system, 

the different channel fittings result in channel 

heights hch,0 between (0.08 - 0.48 ± 0.04) mm at the 

beginning of each cleaning experiment. Hence, a 

noticeably high change of the cross-flow section is 

detectable, which complicates the calculation and 

definition of the flow velocity, Reynolds number 

and other cross-flow section related values. 

Regarding this issue a comparison between cleaning 

on a micro versus on a macro scale is under 

consideration, but not yet published. As a first 

attempt cross-flow section related values are 

calculated based on the clean state of a micro 

channel (hch,end) and are used as values for 

comparison.      

 
 

Fig. 3. Cross section of the modular flow channel, 

with: 1 - lid with exemplary different channel 

heights hch,end = 1.00-0.60 mm, 2 - deposit, 3 - 

sample plate and 4 - base. 

 

The corresponding test rig is operated in single 

pass mode (“lost cleaning”), shown in Figure 4, i.e. 

the cleaning solution is only used once. To monitor 

the progress during the tests, the test rig is equipped 
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with type T thermocouples, two absolute pressure 

sensors at the channel inlet and outlet for 

determining the pressure drop, as well as an optical 

observation via images of the flow channel taken by 

a commercial digital camera with a macro lens. 

Based on the optical observation, additional 

information like surface coverage can be calculated 

with temporal and spatial resolution. Furthermore, 

samples of the cleaning solution are collected 

continuously at the channel outlet over the course of 

an experiment to determine the protein content of 

the solution via Bradford protein assay. Based on the 

time-resolved protein concentration, the cleaning 

rate can be determined. As already mentioned, the 

cleaning rate is defined as the cleaned gel mass m 

per soiled area Asps and time t, as shown in equation 

2. The soiled area Asps is calculated by means of the 

sample plate area Asp times the coverage of the 

sample plate at the beginning of each trial (DoC0) as 

a result from an image analysis. In addition to the 

pressure drop and sampling option the cleaning 

process is also tracked via image analysis. The 

image analysis is performed as follows. 

𝑅𝐶 = 
𝑚

𝐷𝑜𝐶0∙𝐴𝑠𝑝∙𝑡
       (2) 

 
 

Fig. 4. Flow diagram of the micro cleaning test rig. 

 

All taken images are processed via python 

image operation using OpenCV, a detailed 

description of the process is presented in [9]. The 

processing of the images is used to automatically 

calculate the coverage of the sample plate and thus 

determine the removal rate. Later on, the image 

analysis should be used to detect the position of 

blockage to map blocking. Accordingly, another 

output of the image analysis tool is the calculated 

degree of coverage DoC, which can be derived from 

the pixel data, with the count of clean pixels (ncp) 

and not clean pixels (nncp), using equation 3. 

𝐷𝑜𝐶 =
𝑛𝑐𝑝

𝑛𝑐𝑝+ 𝑛𝑛𝑐𝑝
             (3) 

For the investigation of blocking phenomena 

thin channels with heights smaller than hch,end ≤ (0.65 

± 0.01) mm are used to provoke blocking. These 

trials are compared to non-blocked channels during 

cleaning with channel heights hch,end ≥ (0.75 ± 0.01)  

mm, to characterize blocking during cleaning. For 

comparison, the temperature, sodium hydroxide 

concentration and flow velocity vend for a channel 

height are held constant, while only the channel 

height and therefore the mass flow rate varies. To 

investigate the cleaning behavior of these partially 

blocked channels, for channel heights hch,end ≤ (0.65 

± 0.01) mm the known parameters of Sinner’s circle, 

temperature, mechanical impact and chemistry are 

varied. Therefore, the temperature is varied between 

45 °C and 70 °C, the sodium hydroxide 

concentration between 0.5 wt% and 1.5 wt%, and 

the velocity vend between 0.11 ms-1 and 0.18 ms-1. In 

order to investigate the underlying phenomenon of 

blocking, i.e. the swelling, the effect of an additional 

flow regime is examined using the same test rig. 

Therefore, all cleaning parameters are held constant, 

with an exception of the flow velocity, which is 

varied between 0.03 mm and 0.16 mm. Finally, 

these findings can be compared with the results from 

the “no flow” experiments of the diffusion-based 

setup, to quantify the impact of the addition of flow 

on cleaning in micro scale. 

 

Quantification of swelling 

As already mentioned, the cleaning and 

especially the swelling process can be monitored 

specifically due to pressure drop. Pressure drop is 

dependent on channel cross flow section and in 

relation to fouling and cleaning dependent on soil 

layer height. This relation is used to quantify the 

unknown soil layer height while cleaning in a micro 

scale, by means of aluminum based artificial fouling 

layers resampling the soil layer heights during 

cleaning. The method described by Spiegel et al. [9] 

is used to gain a calibration curve which fits the 

experimental data of pressure drop versus soil layer 

height. Therefore, artificial fouling layers with 

heights ranging from 0.0 mm to 0.8 mm, depending 

on the channel's height, are inserted into the 

specified micro flow channel. The channel is 

fastened using a torque wrench set at 60 cNm to 

ensure uniform starting conditions for all calibration 

trials. Water is used as a test fluid, as there are only 

neglectable differences in densities between water 

and low concentrations of the cleaning fluid sodium 

hydroxide. All pressure drop values, for each of the 

utilized sample plates, have been monitored for two 

minutes and repeated at least twice.  

Figure 5 shows an exemplary gained calibration 

curve for ϑ = (43.57 ± 0.39) °C and 

ṁ = (75.00 ± 0.81) gmin-1. Error bars are shown for 

all measurement points, but are sometimes smaller 

than the used symbols. In accordance with theory, 

the pressure drop increases with decreasing cross 

flow section and therefore with increasing inserted 
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sample plate heights. Even though the shown power 

function fits the experimental data quite well 

(R² = 0.878), the difference between pressure drop 

values for sample plates thinner than 0.4 mm are 

small (e.g. Δph_sp=0.2mm = (8.15 ± 0.42) mbar vs. 

Δph_sp=0.3mm = (8.69 ± 0.60) mbar), which could 

result in extensive deviations for calculations by 

calibration curve for gel heights hg ≤ 0.4 mm. 

Nevertheless, the calibration fits the relevant region 

regarding swelling quite well. Thus, the calibration 

method is suitable for quantifying the swelling 

progress and also the beginning of cleaning. 

 

 
Fig. 5. Calibration curve for pressure drop versus 

sample plate height, gained from at least three and 

up to six replicates. Reynolds number and flow 

velocity vary due to the changeable cross-flow 

section.  

 

 
Fig. 6. Calculated height from pressure drop and the 

related values (s - swelling rate, s* - extent of 

swelling, ts - swelling time) to quantify swelling due 

to height from pressure drop and indentation 

measurements. 

 

An exemplary calculated height curve of a 

model soil system during cleaning is shown in 

Figure 6. The course of the calculated height follows 

the pressure drop. In the beginning of the cleaning 

process, the pressure drop increases due to the cross-

sectional reduction caused by the swelling of the 

deposit, therefore the height increase of the gel is 

also visible. Once the swelling maximum is reached, 

the pressure drop decreases, thus the gel height 

decreases and removal starts.  

To quantify the influence of the cleaning 

parameters on swelling, the earlier described values: 

swelling rate s, swelling time ts and extent of 

swelling s* are taken into account. Due to the 

complexity of the process, all three mentioned 

parameters are considered and shown exemplarily in 

Figure 6.  

Independently from the gained measurement 

technique, pressure drop (flow-based setup) or 

indentation measurement (diffusion-based setup), 

the three shown parameters could be observed and 

are applicable, hence are used for the investigations 

in both setups.  

 

RESULTS AND DISCUSSION 

To investigate blocking phenomena in micro 

scale, first blocking and secondly swelling are 

described and evaluated. Swelling as the cause for 

blocking during cleaning, is evaluated due to a 

variation of the cleaning parameters known from the 

Sinner’s circle. 

Characterization of blocking 

To characterize blocking, first blocking and the 

forms of blocking, as blocked and partially blocked, 

needs to be defined. Blockage during cleaning 

occurs, if the cross-flow section is smaller than the 

swelling height of the gel. Due to imperfections in 

the gel, especially at the edges of the model soil 

system, as shown in Figure 7 as a bubbly part of the 

gel on the right side, the cleaning agent remains able 

to pass the channel. Therefore, the cleaning agent 

can continue to circulate through the channel and the 

deposit remains removable. However, this results in 

a partial blockage of the channel. As an example, 

Figure 7 shows the microchannel to be cleaned and 

an exemplary cleaning sequence of a channel been 

partially blocked versus a non-blocked channel; the 

flow direction of the cleaning agent is from right to 

left; cleaned sections are pictured in black and still 

soiled sections in white. In the first section on the 

left, the model soil can be detected over the entire 

length of the sample plate for both cases. The bubbly 

and uneven part of the gel in the channel inlet is 

removed first, without causing any blockage in this 

area. The cleaning process in a non-blocked channel 

proceeds uniform with respect to the flow pattern. In 

contrast the cleaning process of a partially blocked 

channel shows removal only in the top region of the 

shown sequence in Figure 7. However, this shows 

that the cleaning front changed, from the large 

surface area, in a non-blocked channel, to the side of 

the gel in longitudinal direction. This results in three 

different types of removal as shown in Figure 7: the 

formation of an extended island a.) on one side of 
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the channel, b.) in the middle of the channel, or c.) 

in multiple clusters on both channel sides.  

 
Fig. 7. Top view of a partially blocked versus non-

blocked channel due to swelling, with a summary of 

the observed blocking types. The binary images 

show soiled parts in white and cleaned parts in 

black. 

 

Comparison of different monitoring methods 

To detect blocking during cleaning in the 

described test rig the mentioned methods, pressure 

drop measurement, cleaning rate calculation and 

coverage detection, are considered. The blocking 

behavior can be quantified through the degree of 

coverage. The degree of coverage is normalized by 

means of the first detected degree of coverage DoC0 

at time t0, thus all experiments are comparable. As 

shown in Figure 8 with black non-filled symbols, the 

degree of coverage of a non-blocked channel (hch,end 

= (1.00 ± 0.01) mm) shows for most of the cleaning 

time only a small linear decrease. This is due to the 

fact, that the calculation of the coverage is only 2D-

based and the information of the deposit height is 

missing. With the beginning of the last cleaning 

stage the coverage decreases significantly with a 

higher linear slope, until no soil is left on the sample 

plate. In comparison the degree of coverage of a 

partially blocked channel has only one nearly linear 

decrease section, which represents the removal of 

the model soil system in relation to the cleaning area 

along the longitudinal side of the channel.  

As can be seen for partially and non-blocked 

channels, only removal can be observed due to 

coverage. Thus, swelling as part of cleaning and 

cause of blocking cannot be directly measured by 

means of coverage but can be observed by means of 

the pressure drop. In Figure 8 the pressure drop is 

also shown normalized by means of the pressure 

drop at the beginning of each cleaning trial. For a 

non-blocked channel, the pressure drop is increasing 

first due to the swelling of the soil and after reaching 

a maximal pressure drop, the removal starts, 

consequently the pressure drop decreases rapidly. 

Therefore, all normalized pressure drop values 

above one indicate a layer volume higher than the 

initial layer volume, while values less than one 

indicate a layer volume less than the initial volume. 

In comparison the pressure drop curve for a blocked 

channel has a similar trend. First, the pressure is 

increasing like a non-blocked channel. However, 

due to the smaller dimension, the swelling of the gel 

is limited by the channel geometry, which leads to a 

decrease in the slope of the pressure drop. After that 

maximum pressure drop is reached and remains 

nearly constant for a certain time, the pressure drop 

decreases and cleaning continues in the longitudinal 

direction of the channel. Note that the absolute 

pressure drop values for a partially blocked (Δpmax ≈ 

600 mbar) in comparison to a non-blocked channel 

(Δpmax ≈ 50 mbar) are one magnitude higher. 

Therefore, the normalization removes this 

difference in the magnitudes. Hence, partial 

blockage is evident in the pressure drop primarily 

through a higher absolute pressure drop. However, 

it is harder to differentiate a partially blocked 

channel from a non-blocked channel using pressure 

drop measurements, because it is an integral 

measurement and lacks spatial resolution. 

 

 
Fig. 8. Application and comparison of different 

monitoring methods for cleaning in micro scale for 

a non-blocked (squares, unfilled) versus a partially 

blocked channel (triangles, filled). Process 

parameters of Reynolds number and flow velocity 

are defined for a non-blocked channel and vary due 

to the change of the cross-flow section between the 

given values. 
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For the cleaning process of a non-blocked 

channel the cleaning rate shows the same three 

stages as known from the common macro scale, as 

shown in Figure 8 with the numbers I-III. The mean 

cleaning rate gained from the uniform stage, defined 

as a parameter for the overall cleaning performance, 

reaches comparable values as known from the macro 

scale. However, a comparison of the cleaning 

efficiency in both scales, taking mass transfer into 

account, is under consideration. In comparison, 

cleaning in a partially blocked channel can also be 

identified through protein quantification, resulting 

in a lower cleaning rate. This confirms the findings 

obtained by means of pressure drop and coverage 

that cleaning is not prevented and takes place 

slowly. 

Cleaning of partially blocked channels 

In order to be able to detect the differences in 

cleaning behavior, the cleaning processes in a non-

blocked channel and a partially blocked channel are 

compared to each other. The different channel 

configurations have been realized by means of the 

described channel inserts of different heights. All 

other process parameters, such as temperature, 

cleaning agent concentration and flow velocity, 

remain constant. To monitor cleaning of partially 

blocked channels the pressure drop is less suitable 

for considerations. The surface of the micro channel 

is soiled just from one side. As shown in Figure 3, 

only the bottom of the channel is soiled. When it 

comes to blocking the removal is uneven, as shown 

by the different types in Figure 7. Due to the integral 

pressure drop measurement, removal, as a local 

phenomenon, is hard to detect. Similar results can be 

observed for non-blocked channels, where other 

monitoring methods are preferred for cleaning time 

detection [9]. Due to the local resolution and high 

accuracy, the degree of coverage offers a feasible 

option for monitoring the cleaning of partially 

blocked channels.  

 

Effect of partially blockage on cleaning 

Figure 9a. shows the cleaning process of non-

blocked channels with channel heights at the end of 

cleaning of hch,end = (1.00 ± 0.01) mm and hch,end = 

(0.75 ± 0.01) mm with unfilled symbols and the two 

partially blocked channels with channel heights at 

the end of cleaning of hch,end = (0.65 ± 0.01) mm and 

hch,end = (0.60 ± 0.01) mm with filled symbols. For 

non-blocked channels, as mentioned before, initially 

no major change in the coverage can be seen until a 

large part of the gel depth has been removed. With 

the beginning of the removal of the final layer the 

cleaned plate starts to appear underneath. At this 

point, a linear removal rate can be observed, shown 

in Figure 9b Ia. In contrast, the partially swollen 

channels show a different cleaning behavior, with 

the removal rate remaining constant from the start of 

cleaning, as shown in Figure 9b, marked with IIa. As 

shown in Figure 9b IIb. a higher removal rate may 

occur at the beginning of cleaning due to an uneven 

distribution of the model soil system at the channel 

inlet, resulting in a removal rate peak even though 

the channel is blocked. However, the described 

value of the removal rate i is not greater than i = -

2∙10-3 s-1. Thus, both cases show constant phases in 

the respective removal rates, allowing partially 

blocked and non-blocked channels to be compared 

and differentiated. These phases can be identified 

via the removal rate derived from the rate of change 

from the degree of coverage. 

 
Fig. 9. Difference in cleaning between partially 

blocked (filled symbols) and non-blocked channels 

(unfilled symbols) due to (a) normalized coverage 

and (b) removal rate.  

 

 
Fig. 10. Time dependent removal rate i and cleaning 

area dependent removal rate I in comparison to 

channel height and thus a comparison between 

partially blocked (filled symbols) and non-blocked 

channels (unfilled symbols). 

 

When comparing the cleaning process of a 

partially blocked channel with a non-blocked 

channel, the constant removal rate of -8.31∙10-3 s-1 

for a non-blocked channel is over 30 times higher 

than for a partially blocked channel with a constant 

removal rate of -0.26∙10-3 s-1. Due to the cleaning 

front change the area of the cleaning surface is 

reduced by a factor of 12 - 23 from about 1,440 mm² 
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to about 117 - 63 mm², while the mass to be cleaned 

remains identical. Conversely, this means that the 

removal rate is reduced by a factor of about at least 

12 - 23. If the removal rate is adjusted accordingly 

for the cleaning surface, the removal rate for a 

partially blocked channel is in the same range as for 

a non-blocked channel, as shown in Figure 10. 

However, it could be assumed that the normalized 

cleaning rate for a partially blocked channel is 

comparably higher. This could be due to the smaller 

flow region caused by the blocked part of the 

channel and the resulting increase in flow velocity. 

At the same time, the mass flow rate remained 

constant.  

 

Cleaning options of partially blocked channels 

The high likelihood of blockages due to the 

small size of micro components necessitates the 

need for cleaning options. Therefore, the first 

investigated cleaning option for the described partial 

blockage is cleaning with the same parameters, 

regardless of the mentioned lower removal rate.  

 

 
Fig. 11. Effect of cleaning parameters on the 

cleaning performance of partially blocked channels. 

 

The cleaning agent concentration was varied 

between 0.5 wt% and 1.5 wt%, the cleaning agent 

temperature between 45 °C and 70 °C, and the flow 

velocity for a clean channel at the end of the cleaning 

process vend between 0.11 ms-1 and 0.18 ms-1, which 

corresponds to Reynolds numbers between 201 and 

554. Due to extensively higher pressure drops in 

micro scale, in comparison to the macro scale, only 

laminar flow regimes can be achieved in most of the 

applications. The constant removal rates of the 

parameter variations are shown in Figure 11. Please 

note that these are only single trials. The shown 

results are derived from the rate of change from the 

degree of coverage (Figure 9). As the temperature 

increases within the considered range, the removal 

rate also increases. While this is known from other 

cleaning tests, it is also confirmed here for partially 

blocked channels. As known from the macro scale, 

the removal rate should tend to decrease with 

increasing cleaning agent concentration over 

0.5 wt% [18]. Similar results can be seen for 

partially blocked channels. As the flow velocity 

increases, the removal rate also increases, as also 

known from non-blocked channels and the common 

macro scale.  

Due to the shown significant low removal rates 

it is necessary to evaluate options to prevent 

blockage from occurring.  

Effect of cleaning parameters on swelling 

To investigate the effect of the cleaning 

parameters, e.g. cleaning agent concentration, 

temperature and flow velocity, on the initial 

swelling during cleaning, following parameter 

variations were carried out.  

 

Diffusion-based impact of swelling 

First of all, the temperature and sodium 

hydroxide concentration of the cleaning solution is 

varied in the diffusion-based setup, to explore the 

impact on swelling in a less complex system. The 

temperature during the trials has been varied 

between 22 °C and 60 °C, as being relevant cleaning 

temperatures known from the macro scale. As the 

temperature increases, the swelling rate increases as 

well, as shown in Figure 12. That is not surprising, 

as the molecular movement into the gel also 

increases as the temperature rises. Accordingly, the 

respective swelling time is shorter as the 

temperature increases. Thus, indicating that the 

dissolution starts earlier, as the reaction to dissolve 

the protein chains in the gel takes place faster due to 

the higher reaction temperature and thus reaction 

rate, thereby favoring the dissolution. An exception 

to that is the water-based solution, as the swelling 

time stays constant, while the swelling rate 

increases. In fact, water does not cause dissolution 

of the gel, resulting in a constant gel height and 

therefore a swelling time for about the whole testing 

time. The extent of swelling slightly decreases with 

increasing temperature, with the already mentioned 

exception for water. In contrast other authors 

demonstrated that the swelling ratio is not affected 

by a higher process temperature [19]. These 

contrasting observations may be attributable to the 

slightly different operating conditions, as no 

equilibrium state may have been reached here and 

dissolution could be observed. However, regarding 

the investigated process conditions during cleaning 

in the micro scale, the values shown are indicative 

even without a state of equilibrium. Accordingly, an 

increase in the cleaning temperature leads to faster 

swelling and increases the blocking potential. 

Consequently, increasing the temperature, which is 

normally useful for cleaning, proves to be 
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potentially disadvantageous in the case of swelling 

handling regarding cleaning of micro components. 

 

 
Fig. 12. Effect of cleaning parameters on the 

swelling in a diffusion-based setup, without an 

additional flow regime. Different colors indicate 

temperatures between 22 °C and 60 °C. If a column 

or an error bar is missing no data were available. 

Error bars indicate the deviation of at least two and 

up to five replicates.  

 

Also, the sodium hydroxide concentration is 

varied between 0.0 wt%, meaning pure water, and 

2.0 wt%. As the concentration increases from 

0.0 wt% to 0.5 wt%, a high increase in swelling rate 

is detectable, as being suggested due to the fact, that 

around 0.5 wt% an optimal concentration for 

cleaning WPI is assumed [20] and swelling is a key 

process before dissolution [14]. With increasing 

concentration above 0.5 wt% the swelling rate 

decreases. This could have been advantageous for 

micro scale but accordingly the regarding swelling 

time increases with increasing concentration and 

thus with decreasing swelling rate. This also results 

in only small differences between the extents of 

swelling with varying sodium hydroxide 

concentrations. It could be assumed, that a sodium 

hydroxide concentration of 1.0 wt% has the smallest 

extent of swelling, as shown in Figure 12, and 

therefore could be considered as advantageous for 

cleaning in the micro scale. However, no significant 

trend exceeding the limits of deviation is detectable, 

resulting in the need for further investigation of the 

considered hypothetical correlation.  

 

Flow-based impact of swelling 

The effect of flow velocity on swelling and 

dissolution is considered for one parameter set of 

sodium hydroxide concentration and cleaning 

solution temperature. With an increase in flow 

velocity the swelling rate increases, as shown in 

Figure 13. Regarding the change from no flow to a 

flow velocity of 0.03 ms-1, it is not following an 

expected linear pattern. This could be due to the 

dissolution setup not being operated in micro scale, 

meaning having a comparably endless amount of 

cleaning solution volume available, thus excluding 

scaling effects.  

 

 
Fig. 13. Differences in swelling parameters under 

flow conditions. Constant cleaning parameters cNaOH 

= 1.0 wt%, ϑ = (57.25 ± 1.26) °C and channel 

configurations hch,end = (0.75 ± 0.01) mm and w = 

18 mm.  

 

As a first approximation the swelling time 

decreases by a linear trend with increasing flow 

velocity. An increasing flow velocity is typically 

beneficial for WP-dissolution and therefore the 

overall cleaning process, which leads not only to a 

decreased cleaning time, but also to a decreased 

swelling time. The extent of swelling shows with 

increasing flow velocity only a non-significant 

relation, represented by the linear regression which 

indicates a slope nearby zero. Nevertheless, up to a 

velocity of 0.13 ms-1 it could be assumed that with 

the addition of a flow and an increase in flow 

velocity the extent of swelling increases as well. 

Even though these are mostly single trials, the 

shown results could lead to the conclusion that an 
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increase of velocity causes a higher risk of blockage. 

However, further trials and replicates need to be 

done to break down the impact of flow velocity on 

swelling. 

CONCLUSION 

The investigation of the blocking phenomena in 

micro scale shows that partially blockage of flow 

channels can be detected during cleaning and can be 

cleaned. The results show that parameter settings 

usually effective for cleaning on a common macro 

scale, like higher flow velocity or higher 

temperature and ideal cleaning agent concentration, 

actually hinder the cleaning process for micro 

components. This is particularly true when the initial 

channel height is smaller than the potential swelling 

height of the deposit. For micro scale cleaning a 

suitable increase in the cleaning parameters of the 

Sinner's circle known from the macro scale obstructs 

or even prevents the cleaning process of the micro 

component, as the initial swelling and partial 

blockage of the micro-component prohibits effective 

cleaning. This leads to the conclusion that a new 

approach must be adopted when planning cleaning 

protocols for micro components. Consideration 

should be given to overcome the static Sinner's 

circle and, for example, using a variable cleaning 

agent concentration to provide the appropriate 

cleaning agent concentration for the particular 

cleaning stage. Moreover, the goal is to determine if 

a specific combination of cleaning solution 

concentration, temperature and flow velocity can 

minimize deposit swelling and, in turn, decrease the 

risk of partial blockage of the micro component 

during cleaning. The high potential for blockage in 

microchannels, attributed to their small dimensions, 

necessitates a thorough characterization of blocking 

behavior. This should involve analyzing the surface 

to volume ratio, comparison of the scalability 

between the macro and micro scale and determining 

the optimal time for cleaning micro components to 

prevent blockages during the process. 

NOMENCLATURE 

A  Surface, mm 

c  Concentration, wt% 

DoC Degree of coverage, % 

h  Height, mm 

i  Normalized removal rate, s-1 

I  Area dep. norm. removal rate, s-1∙mm-2 

𝑚̇   Mass flow, g∙min-1 

n  Quantity, - 

RC  Cleaning rate, g∙m-2∙s-1 

s  Swelling rate, mm∙min-1 

s*  Extent of swelling, - 

t  Time, s 

v  Velocity, m∙s-1 

w  Width, mm 

 

Δp  Pressure drop, mbar 

ϑ  Temperature, °C 

𝑣̅    Mean velocity, m∙s-1 

Subscript 

0  Start time (zero) 

ch  Channel 

const Constant 

cp  Cleaned pixel 

end  End time 

g  Gel 

max  Maximum 

NaOH Sodium hydroxide solution 

ncp  Not cleaned pixel 

norm Normalized 

s  Swelling 

sp  Sample plate 

sps  Sample plate soiled 

REFERENCES 

[1] Singh, J., Montesinos-Castellanos, A., and 

Nigam, K. D. P., Process intensification for 

compact and micro heat exchangers through 

innovative technologies: A review. Industrial & 

Engineering Chemistry Research, 58(31), pp. 

13819-13847, 2019.  

DOI: 10.1021/acs.iecr.9b02082  

[2] Kockmann, N., Engler, M. and Woias, P., 

Particulate fouling in micro-structured devices. 

Heat Exchanger Fouling and Cleaning - 

Challenges and Oppertunities, 191-196, 2005. 

[3] Kockmann, N., Micro process engineering. 

Fundamentals, devices, fabrication, and 

applications. Weinheim: Wiley-VCH, 2008. 

[4] Perry, J.L. and Kandlikar, S.G., Investigation of 

Fouling in Microchannels. ASME 4th 

International Conference on Nanochannels, 

Microchannels, and Minichannels, Parts A and 

B. Limerick, Ireland, 19.06.2006 - 21.06.2006: 

ASMEDC, 837-845, 2006. 

[5] Hessel, V., Hardt, S. and Löwe, H., Chemical 

micro process engineering. Weinheim: Wiley-

VCH, 2005. 

[6] Schoenitz, M., Grundemann, L., Augustin, W., 

and Scholl, S., Fouling in microstructured 

devices: a review. Chemical communications, 

51(39), 8213-8228, 2015.  

DOI: 10.1039/C4CC07849G 

[7] Benzinger, W., Schygulla, U., Jäger, M., and 

Schubert, K., Anti fouling investigations with 

ultrasound in a microstructured heat exchanger, 

Heat Exchanger Fouling and Cleaning 

Conference, Germany, 05.-10.06.2005, 2005. 

[8] Hartman, R. L., Managing solids in 

microreactors for the upstream continuous 

processing of fine chemicals. Organic Process 

Research & Development, 16(5), 870-887, 

2012. DOI: 10.1021/op200348t 

[9] Spiegel, C., Aselmeyer, F., Augustin, W., and 

Scholl, S., Quantification method for cleaning-

in-place procedures in micro structured 



Heat Exchanger Fouling and Cleaning – 2024 

320 

ISBN: 978-0-9984188-3-4; Published online www.heatexchanger-fouling.com 

equipment. Food and Bioproducts Processing, 

134, 150-162, 2022.  

DOI: 10.1016/j.fbp.2022.05.010 

[10] Fryer, P. J., Modelling the behaviour of heat 

exchangers undergoing scaling. Geothermics, 

18(1-2), 89-96, 1989.  

DOI: 10.1016/0375-6505(89)90014-X 

[11] Watkinson, A. P., and Wilson, D. I., Chemical 

reaction fouling: A review. Experimental 

Thermal and Fluid Science, 14(4), 361-374, 

1997. DOI: 10.1016/S0894-1777(96)00138-0 

[12] Gottschalk, N., Augustin, W., Scholl, S., 

Wilson, D. I., and Mercadé-Prieto, R., Model 

food soils for investigating cleaning: A review. 

Food and Bioproducts Processing, 2022.  

DOI: 10.1016/j.fbp.2022.09.013  

[13] Gillham, C. R., Fryer, P. J., Hasting, A.P.M. and 

Wilson, D. I., Cleaning-in-Place of Whey 

Protein Fouling Deposits. Food and 

Bioproducts Processing, 77 (2), 127-136, 1999. 

DOI: 10.1205/096030899532420 

[14] Mercadé-Prieto, R., W. R. Paterson, and D. I. 

Wilson. The science of cleaning of dairy fouling 

layers, Heat Exchanger Fouling and Cleaning 

Conference, Portugal, 01.-06.07.2007, 2007. 

[15] Xin, H., Chen, X. D., Özkan, N., Removal of a 

model protein foulant from metal surfaces, 

AIChE Journal, 50(8), 1961-1973, 2004.  

DOI: 10.1002/aic.10149  

[16] Saikhwan, P., Mercadé-Prieto, R., Chew, Y. J., 

Gunasekaran, S., Paterson, W. R., and Wilson, 

D. I., Swelling and dissolution in cleaning of 

whey protein gels. Food and bioproducts 

processing, 88(4), 375-383, 2010.  

DOI: 10.1016/j.fbp.2010.09.006 

[17] Wiese, H., Geißler, H., Augustin, W., Scholl, 

S., Diffusive mass transfer and protein removal 

in the alkaline cleaning of a jellylike whey 

protein fouling layer, Heat and Mass Transfer, 

60, 829-840, 2024.  

DOI: 10.1007/s00231-023-03391-7 

[18] Bird, M. R., P. J. Fryer. Experimental study of 

the cleaning of surfaces fouled by whey 

proteins. Food and Bioproducts Processing, 69, 

13-21, 1991.  

[19] Mercadé-Prieto, R., Sahoo, P. K., Falconer, R. 

J., Paterson, W. R., D. Ian Wilson, 

Polyelectrolyte screening effects on the 

dissolution of whey protein gels at high pH 

conditions, Food Hydrocolloids, 21 (8), 1275-

1284, 2007.  

DOI: 10.1016/j.foodhyd.2006.09.015 

[20] Fan, L., Chen, X.D., Mercadé-Prieto, R., On the 

nature of the optimum cleaning concentration 

for dairy fouling: High NaOH concentrations 

inhibit the cleavage of non-covalent 

interactions in whey protein aggregates, LWT-

Food, Science and Technology, 101, 519-525, 

2019. DOI: 10.1016/j.lwt.2018.11.050 

 

 

 

 

 

 


