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A B S T R A C T   

Fouling at a hot reactor wall during emulsion polymerization was studied in-situ with a quartz crystal micro
balance with dissipation monitoring (QCM-D). Transient maxima in resonance bandwidth were observed, which 
are typically interpreted as the signature of a coupled resonance. However, the most common type of coupled 
resonances, the film resonance, cannot explain these observations, because the film resonance should occur first 
on the high overtones (on the overtones with small wavelength). In experiment, the low overtones reach the 
maximum first. The maximum in dissipation can be explained with the particulate nature of the sample. As the 
particles flatten out and merge, the height of the layer decreases and the surface becomes smoother. The 
decreasing height lets the layer go through the film resonance in reversed order. Also, the decreasing roughness 
lets the bandwidth decrease, unrelated to the film resonance. The argument is substantiated with a simulation 
based on the frequency-domain lattice Boltzmann method (FD-LBM). Apart from explaining the features seen in 
QCM experiments on particle fowling, this case study demonstrates the capabilities of FD-LBM.   

Introduction 

The quartz crystal microbalance (QCM) is among the convenient 
tools to monitor film thickness and changes thereof in situ [1]. The QCM 
has sub-monolayer sensitivity, in principle [2], but sensitivity is not 
necessarily its prime advantage compared to other techniques (such as 
surface plasmon resonance spectroscopy or ellipsometry [3]). Non- 
gravimetric effects often are as interesting as the gravimetrically 
determined thickness [4]. The latter statement applies to the QCM‑D, 
where “D” stands for Dissipation monitoring. 

Briefly, a QCM-D consists of a thickness-shear resonator that 
launches a shear wave into the sample. The shear wave decays within a 
few hundred nanometers, producing an oscillatory transverse stress at 
the resonator surface. The ratio of stress and strain (the load impedance, 
Z̃L) governs the resonator’s response to the presence of the sample. The 
QCM–D determines shifts in frequency, Δf, as well as shifts in half 
bandwidth, ΔΓ. (The half bandwidth is proportional to the “dissipation 
factor” D. The two are related as D = 2Γ/fres.) Δf and ΔΓ are determined 
on a number of different overtones (often n = 3, 5, 7, 9 with n the 
overtone order). 

There are well-established algorithms for data analysis as long as the 

sample consists of a planar layer system [5–8]. These samples include 
rigid layers, analyzed with the Sauerbrey equation [9]. For soft layers, 
the data sets {Δf/n, ΔΓ/n} can serve as input to an analysis leading to the 
layer’s viscoelastic properties. For structured samples, however, the 
interpretation must rely on numerical simulations. 

The experimental data underlying this work were obtained while 
studying heat-transfer fouling in emulsion polymerization [10,11]. The 
unwanted deposition of solid material on the reactor walls and the inside 
of the pipes (termed “fouling” in the following) is a prominent problem 
in emulsion polymerization. It currently necessitates emulsion poly
merization to be carried out as a batch process. Tubular reactors running 
continuously have been demonstrated [12,13] but are not common 
practice. Techniques to quantify heat-transfer fouling have been 
reviewed in [14]. Studying heat-transfer fouling with a QCM is possible, 
but a way must be found to let the resonator be hotter than the reaction 
mixture. This is not usually the case. Fouling studies with a QCM outside 
of heat-transfer fouling are numerous. They have, for instance, con
cerned biofouling and its prevention [15]. Other publications have 
targeted latex dispersions [16], lime scale [17], microbial biofilms [18], 
and quality control in water treatment [19]. 

The method, by which the authors’ group has recently adapted the 
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QCM to the study of heat-transfer fouling, is described in [20]. Briefly, a 
ring-shaped thermal pad heats the resonator from the back. A hole in the 
center of the pad avoids overdamping, where a compromise between 
small damping (large hole) and good heat transfer (small hole) must be 
found. Interestingly, a commercial QCM instrument has recently become 
available, which allows to study fowling at high temperatures and high 
pressures [21]. Huellemeier and coauthors have exploited this method 
to study the fowling of milk proteins [22,23] While this instrument 
emulates the conditions found in some important industrial processes, 
the resonator surface is at the same temperature as the reaction mixture. 
The deposits seen in [23] form at high temperature, but they do not 
amount to heat-transfer fouling in the narrow sense. 

In [20], the QCM surface was indeed found to be covered with a 
polymer layer. Such layers are ubiquitous and are not a problem by 
themselves. In some instances, though, the layers continued to grow 
until the QCM’s dynamic range was finally exceeded. Ex-situ observa
tion after the experiment revealed thick deposits (millimeters and 
more). This is the undesired fouling pathway. Thick layers of this kind 
ultimately clog tubes and valves. Also, they lower the rate of heat 
transfer across the wall into the reaction mixture [24]. In the more 
interesting cases, thin polymer layers passivated the surface against 
further adsorption. The thickness of these layers corresponded to a few 
diameters of the latex spheres. 

This work is not primarily concerned with the conditions leading to 
passivation, but rather with a side aspect, which is the occurrence of 
transient maxima in bandwidth. Such maxima are typically associated 
with a coupled resonance. At a coupled resonance, ΔΓ(t) goes through a 
maximum and the time derivative of Δf(t) transiently becomes positive. 
The inflection point in Δf(t) coincides with the maximum in ΔΓ(t). The 
maxima in Fig. 7A from [20] (see also section 3) might at first glance be 
interpreted as the consequence of a film resonance. A film resonance 
occurs when a planar film growing over time reaches a thickness of 
about a quarter of the wavelength of sound. In simple terms, the film is 
the analog of a vibrating reed, known from some musical instruments. 
The film is clamped at the bottom, while the stress-free top oscillates 
transversely with large amplitude. Films in a liquid are not strictly stress- 
free at the top, but the stress is small enough to allow for a coupled 
resonance. 

The film resonance cannot explain these findings, though, because 
the different overtones reach the maximum in the wrong order. The high 
overtones (with small wavelength) should reach the film resonance first, 
but they do so last, in experiment. Presumably, the origin of the 
maximum in ΔΓ is not a film resonance, but rather the particulate nature 
of the sample. A more detailed explanation is sketched in Fig. 1. Two 
separate effects contribute: First, adsorbed spheres flatten out over time, 
which decreases the layer’s effective thickness (Fig. 1B). Following this 
view, the sample goes through a film resonance on the low overtones 
first. Second, neighboring spheres merge and eventually form a 
continuous film (Fig. 1C). In the process, the scale of roughness of the 
interface between the layer and bulk decreases. Because the low over
tones probe the larger spatial scales, the bandwidth decreases for those 
earlier than for the high overtones. 

In order to make such an argument more quantitative, a model must 
be formulated, which relates the sample’s structure to the data sets {Δf/ 
n, ΔΓ/n} as determined with the QCM. The authors are aware of two 
analytical approaches serving this purpose. Tarnapolsky et al. have put 
forward a set of equations based on a mechanical equivalent circuit, 
which represents soft spheres. This model is geared to bacterial 
adsorption [25]. It takes both translation and rotation into account. The 
Krakow group has proposed models, which include the hydrodynamic 
interaction between different spheres [26,27]. They describe this 
interaction with a screening function, which was originally developed to 
predict how particles adsorbed to a charged surface modify the 
streaming potential. As pointed out in [27], the model from [26] only 
matches the experimental QCM data, if there is a significant amount of 
slip at the contact. 

With regard to numerical simulations, any of the techniques avail
able in computational fluid mechanics should be applicable, in princi
ple. The authors’ group has in the past employed the Finite Element 
Method (FEM), using COMSOL [28]. Ref. [28] demonstrated the prin
ciples, but could only be applied in 2D, not in 3D. Solving the incom
pressible Navier-Stokes equation with FEM poses some specific 
problems in 3D [29]. Xie et al. have used FEM in 3D to compute Δf and 
ΔΓ as induced by a contact with a particle in air [30]. A dry environment 
avoids the complications inherent to incompressible Navier-Stokes flow. 
As shown by Gillissen et al., the lattice Boltzmann method (LBM) is an 
option [31]. These calculations were demanding to the extent that 
parallelized code was needed. Ref. [31] is the most recent of a few 
publications treating QCM problems with LBM [32,33]. A hybrid tech
nique using both numerical methods (the Finite Volume Method) and an 
advanced analytical formalism is reported in [34]. This work was spe
cifically concerned with positive frequency shifts, which sometimes 
occur in experiments on adsorbed particles with a size larger than 1 μm. 

Below, we employ a modification of the lattice Boltzmann method, 
described in [35] (see also section 4). The present work differs from the 
work by Gillissen et al. in two respects. First, a frequency-domain 
version of LBM (FD–LBM) is used. Second, an impedance boundary 
condition is applied at the interface with the bulk liquid. This allows to 
let the cell volume be much smaller than in [31], leading to an improved 
grid resolution. Separate from particle fowling, this work is meant to 
demonstrate the capabilities of FD–LBM. The main text focuses on the 
application of this method to particle fouling. Technical aspects of 
FD–LBM have been deferred to the supporting information (SI). 

FD-LBM numerically solves the equations of viscoelasticity and hy
drodynamics for a given geometry and given viscoelastic parameters. It 
computes the complex amplitude of the area-averaged oscillatory stress 
at the resonator surface, <σS>, and uses this amplitude to infer the 
complex frequency shift, following the relation 

Δf + iΔΓ
f0

=
Δf + i(fresΔD/2)

f0
=

i
πZq

〈ZL〉area =
i

πZq

〈σS〉area

uS
(1) 

Fig. 1. When a film grows in thickness, the high overtones reach the condition 
of the film resonance first, followed by the low overtones (A). When adsorbed 
particles flatten out over time, the effective thickness decreases (B). Particle 
deformation and wet sintering eventually produce a homogeneous film (C). The 
scale of roughness of the layer surface decreases. Note the fundamental dif
ference between case A, on the one hand, and cases B and C, on the other. In 
cases B and C, the geometric layer thickness decreases over time, due to 
compaction. This decrease is at the core of the working hypothesis underlying 
the simulations. 
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For the convenience of readers familiar with the dissipation factor, 
the shift in half bandwidth, ΔΓ, was converted to ΔD in step 1. ZL is the 
load impedance (a stress-velocity ratio). The amplitude of the transverse 
velocity of the resonator surface, uS, is set to unity by the algorithm. f0 is 
the frequency of the fundamental (f0 = 5 MHz here), and Zq = 8.8⋅106 

kg/(m2s) is the shear-wave impedance of the resonator plate. Of course, 
such simulations run forward, only. They require a hypothesis on the 
sample’s structure and they test this hypothesis against experiment. 
They can never infer the structure of the sample from data sets {Δf/n, 
ΔΓ/n}, because this problem would be underdetermined. In the case 
discussed below, the simulation supports the working hypothesis 
sketched in Fig. 1B and C. The test is not primarily based on quantitative 
agreement between simulation and experiment, but rather on certain 
characteristic features of the QCM response. 

Critique of the interpretation of the maximum in bandwidth in 
terms of a coupled resonance 

Among the features demonstrating non-gravimetric effects in QCM 
work is the film resonance. When a growing film reaches a thickness, df, 
of about λ/4 (with λ the wavelength of shear sound), the bandwidth goes 
through a maximum and − Δf decreases (Fig. 2A). Naively interpreted 
with the Sauerbrey equation [9], decreasing − Δf would indicate 
decreasing thickness. 

The film resonance is one out of a few types of “coupled resonances”. 
A peak in ΔΓ and a transient reversal of the time derivative of Δf occur, 
when the sample itself forms a resonator with a frequency comparable to 
the QCM’s resonance frequency. Coupling between the two resonators 
leads to an enhanced rate of energy transfer between the main resonator 
and the sample, which then vibrates at large amplitude. The coupled 
resonance model predicts 

Δf + iΔΓ =
− iA

ω2
CR − ω2 + 2iω(2πΓCR)

(2)  

ωCR and ΓCR are the frequency and half bandwidth of the Coupled 
Resonance. A is a prefactor. Δf and ΔΓ as predicted by Eq. (2) are shown 
in Fig. 2A and B. In polar representation, coupled resonances produce 
circles or spirals [36]. 

A second type of coupled resonance (termed “particle resonance” in 
the following) is caused by surface-adsorbed particles [37,38]. The 
contact may be portrayed as a spring with some stiffness, κeff. The 
subscript “eff” indicates that both translation and rotation are involved 

[25,39,40]. The resonance frequency of this mass-spring system, ωCR, is 
given as ωCR = (κeff/meff)1/2 where meff is an effective mass. In principle, 
the maximum in ΔΓ seen in particle fouling experiments might be 
explained with a particle resonance. As the particle flattens out, the 
contact radius increases, which lets the contact stiffness increase. In 
consequence, ωCR sweeps across the QCM’s frequency range from low to 
high. The particle resonance explains the reversed overtone order but 
has shortcomings otherwise. For instance, the coupled resonance should 
let Δf increase simultaneously to the maximum in ΔΓ [3]. The situation 
is more complicated than what Fig. 2A and B suggest. Given these 
complications, Eq. (2) was not used for quantitative modeling. Rather, 
assumptions were made on the sample’s structure as a function of time. 
These were used as input to an FD–LBM simulation. The simulation does 
find a maximum in ΔΓ, but otherwise produces features, which cannot 
be explained with a coupled resonance, alone. 

Materials and experimental 

Instrumental 

The experimental procedures have in detail been described in [20]. 
Impedance analysis was employed, using a vector network analyzer 
supplied by Makarov Instruments. The resonators (diameter of 25.4 mm, 
gold electrodes) were purchased from Quartz Pro, Stockholm. The 
resonator plates were heated from the back with a thermal pad (Kerafol 
86/300, thickness of 1 mm). The reaction mixture was heated by the 
resonator, only. This experimental setting did not perfectly emulate the 
technical situation insofar as the polymerization mostly occurred at the 
resonator surface. None of the container’s other walls were heated. The 
“nominal temperature” of 80 ◦C was the temperature of the resonator’s 
holder. The resonator plate was mounted vertically, so that neither 
sedimentation nor creaming would drive coagulated material to the 
sensor surface. The stirrer was shaped as a propeller, creating a jet 
directed towards the resonator surface. 

Chemicals 

Polymerization was carried out as follows: Monomer in variable ra
tios of butyl acrylate (BA, Sigma Aldrich, purity ≥ 99 %) and methyl 
methacrylate (MMA, Acros Organics, purity ≥ 99 %) was added to ultra- 
pure water (resistivity ≥ 18.2MΩcm, generated by an arium 611VF 
reverse osmosis system, Sartorius) and the mixture was vigorously 
stirred to produce small monomer droplets. The suspension was purged 

Fig. 2. The equations underlying the coupled resonance are the same as the equations underlying any other resonance. The role of the displacement in the con
ventional resonance is taken by the complex frequency shift, Δf̃ = Δf + iΔΓ (see Eq. (2)). Panel A shows the familiar resonance curve. The x–axis in this diagram is not 
the frequency of the QCM (which is almost constant on this scale), but rather the frequency of the coupled resonance, ωCR, which sweeps across the frequency range 
of the QCM. For the case of the film resonance, ωCR may – on a qualitative level – be replaced by thickness or time (assuming that the film grows over time). Polar 
diagrams as in panel B show circles or spirals. Panel C emphasizes that the experimental data do not quite agree with what is shown in panel A. Following the 
predictions of the coupled resonance model, the increase in Δf should occur at the same time as the maximum in ΔΓ. In experiment, the increase in Δf occurs with a 
delay (if at all). 
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with nitrogen in order to remove oxygen. (Oxygen is a radical scav
enger.) Acrylic acid (AA, Fluka, purity ≥ 99 %) was used as a co- 
monomer (1 % (w/w) of total monomer) to aid colloidal stability. A 
nonionic surfactant (Lutensol AT50, BASF) was added in a concentration 
of 7 % (w/w) relative to monomer, after purging with N2. The ratio of 
monomer to water was chosen such that the final solids content was 
about 10 %. This low solids content avoids the formation of thick 
fowling layers. The reaction mixture was filled into the preheated 
chamber (80 ◦C) and allowed to equilibrate thermally. After a baseline 
had been acquired, the polymerization was started by adding 0.1 g of the 
initiator (Na2S2O8, Merck, purity ≥ 99 %) dissolved in 1 mL of water. 
The total reaction volume after addition of the initiator was 14 mL. QCM 
data were taken in-line while polymerization proceeded. 

The final diameter of the latex particles was determined with dy
namic light scattering (DLS, Zetasizer Nano, Malvern Panalytical) as 100 
± 20 nm. 

The fouling kinetics monitored in-line with a QCM-D 

Fig. 3 shows data obtained on latexes with variable glass tempera
ture, TG. TG is about 100 ◦C for poly(methyl methacrylate) (PMMA, 
Fig. 3A) and about − 50 ◦C for poly(butyl acrylate) (PBA, Fig. 3D). The 
addition of the initiator is apparent in Fig. 3 in the form of small ex
cursions in Δf and ΔΓ from the baseline at t = 0, caused by fluctuations 
in temperature. With a Δf/n-to-thickness ratio in the Sauerbrey regime 
of 5.7 Hz/nm (f0 = 5 MHz, ρ = 1 g/cm3), the deposition of a monolayer 
of such particles results in − Δf/n ≈ 500 Hz. The final values of − Δf/n 

are larger than 500 Hz in Fig. 3B and C. These latter deposits consist of 
multilayers. Multilayers were often observed for particles with inter
mediate TG (~30 ◦C, the reaction temperature is higher than that). 
Particles with high TG (PMMA) and low TG (PBA) formed deposits 
consisting of about a monolayer of particles, which had flattened out. At 
least, this is what the frequency shift at the end of the experiment sug
gests (− Δf/n ≈ 300 Hz). The modeling is limited to those samples, which 
consist of single layers of latex spheres. Theses samples are similar to 
what is shown in Fig. 1B and C. 

Fig. 4 expands the range around the maximum in ΔΓ for the sample 
with the highest TG (PMMA) and the sample with the lowest TG (PBA). 
This graph is meant to emphasized that the different overtone orders to 
not go into the resonance sequentially from high to low, as predicted by 
the models based on the film resonance. 

Simulation methods 

The simulations are based on the frequency-domain lattice Boltz
mann method (FD-LBM) as proposed by Shi and Sader [41]. Viggen has 
reported similar work [42] but the Viggen model does not fit the 
problem studied here to the same extent as the Shi-Sader model. The 
application of this method to the prediction of Δf and ΔΓ has been 
described in [35]. Briefly, the algorithm solves the frequency-domain 
version of the Stokes equation: 

iωρ(r)u(r) = η(r)∇2u(r) − ∇p(r) (3) 

The properties of the sample are encoded in the functions ρ(r) and 
η(r). For simplicity, the density, ρ, was chosen as 1 g/cm3 everywhere. 
FD-LBM allows for variable density (section 1.10 in the SI), but this 
possibility was not actually put to use in the simulation of particle 
fouling. Because the formalism is based on complex numbers, visco
elasticity is naturally included. The viscosity can be complex (ηP =

ηP’ − iηP’’). The subscript P in the following denotes a Particle. A 

Fig. 3. Examples of QCM data traces obtained while studying heat-transfer 
fouling. As indicated by the arrows, the low overtones reach the maximum in 
bandwidth earlier than the high overtones. 

Fig. 4. Expanded data from Fig. 3A and D show the range around the maximum 
in ΔΓ in more detail. The high-TG sample (top) differs from the low-TG sample 
(bottom) in an increase in Δf/n after the maximum in ΔΓ/n. The arrow indicates 
increasing overtone order. 
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particle is a domain with |ηP| larger than ηLiq. The loss tangent (tan(δP) =

ηp’/ηp’’) was varied, as well. ηLiq was chosen as 1 mPa s. The complex 
vector field u(r) in Eq. (3) is the amplitude of oscillation. The pressure, p 
(r), is linked to the velocity field by the relation p = –K/(iω)∇⋅u. The 
modulus of compression, K, is discussed in section 1.3 of the SI. The 
liquid is almost incompressible. 

In Eq. (3), u(r) is assumed as stationary. FD-LBM finds the stationary 
state by simulating a ring-in process (section 1.5 in the SI). The trans
verse movement of the resonator surface is turned on at t = 0. The 
resonator surface launches a shear wave into the medium. After a time 
corresponding to a few multiples of the characteristic time of the 
problem (which is τhyd = h2/ν with h the cell height and ν the kinematic 
viscosity), u(r) becomes stationary. If the spheres are predominantly 
elastic, one sometimes observes oscillations in the ring-in process, which 
require the ring-in process to run long enough to let those decay. Once 
stationarity has been reached, Δf and ΔΓ are inferred from the stress at 
the resonator surface, following the small-load approximation (Eq. (1)). 

The current method of computation differs from [35] in the 
following regards:  

- The entire code is written in Python, where the time-critical steps are 
accelerated with Numba [43]. Numba can also distribute the colli
sion step (which can be parallelized easily) to the machine’s different 
cores. Python code executing the core of the algorithm (ring-in, 
streaming, collision) is supplied in section 4 of the SI.  

- Rather than treating a single particle, random positioning of a few 
particles is implemented. This avoids artifacts caused by interference 
effects between particles on a regular grid (section 8 in the SI to 
[35]). A single particle amounts to a periodic array of particles 
because of the periodic boundary conditions. Placing multiple par
ticles in the unit cell alleviates the interference effects. The data 
points in Figs. 6 and 7 are obtained by averaging Δf/n and ΔΓ/n over 
five such random configurations.  

- The boundary condition at the upper edge of the simulation cell is 
based on a local impedance match rather than a match to the 
analytical solution in the bulk (section 1.6 in the SI).  

- For the grid points located close to the boundary between domains, 
the relaxation rate in the collision step was chosen as the arithmetic 
mean of the relaxation rates in the two adjacent domains. The weight 
functions were the fractional volumes of the two domains in the 
respective cell as determined by Monte Carlo shooting (section 1.7 in 
the SI). This step reduces artifacts resulting from discretization (but 
does not completely eliminate them). 

Limitations of FD-LBM are the following:  

- When the boundary condition at the upper edge of the simulation 
volume is based on a local impedance match, it underestimates the 
amount of vertical flow at this interface.  

- The grid resolution is the same in the entire simulation volume. A 
region, where improved resolution would be desirable, is the contact 
between the particle and the resonator surface.  

- The computation time scales as the 5th power of grid resolution. A 
typical number of grid points is nx × ny × nz = 40 × 40 × 30.  

- FD-LBM produces systematic errors when the particle is much stiffer 
than the bulk liquid. When this is the case, the relaxation rate in the 
collision step is small and populations may traverse the entire 
domain with insignificant amounts of collision and relaxation. The 
problem can be alleviated with improved grid resolution, but 
improved grid resolution is expensive.  

- At 30 MHz, a viscosity of 10 mPa s (10 times larger than the viscosity 
of the liquid) amounts to a shear modulus of 2 MPa. (Note that a 
Newtonian viscosity of 1 mPa s corresponds to Gʹʹ ≈ 0.2 MPa at f =
30 MHz.) These are soft particles, but softness of this kind still 
realistically describes low-TG materials. The difference between 2 

MPa and 20 MPa would not much change the outcome of this 
simulation because the particles do not experience much internal 
shear. The difference would be of importance, if the dynamics of the 
sphere were governed by a narrow contact with the resonator sur
face, which experiences large local stress. Narrow contacts of this 
kind were avoided here. 

Simulations were undertaken on cells containing three particles 
positioned randomly (Fig. 5A). Δf/n and ΔΓ/n as reported in Figs. 6 and 
7 are averages obtained from five such runs. The height of the particle 
center was set to R(1–DT) with R the sphere radius and DT the degree of 
truncation (“truncation”, for short, Fig. 5B). Truncation emulates flat
tening. The width of the truncated particle was slightly enlarged, so that 
the volume of the truncated particle (which is an oblate ellipse) equals 
the volume of the untruncated sphere. 

Coverage is defined as πR2/L2 with L the width of the quadradic 
simulation box. A coverage of unity can only be achieved if neighboring 
spheres overlap, that is, if neighboring spheres merge by wet sintering. 

The simulation allowed for an overlap between neighboring spheres 
of up to 1/3-rd of the sphere radius, which mimics wet sintering. In order 
to let the total volume of all particles remain constant in the presence 
over overlap, the volume contained in the overlapped region was 
determined by Monte-Carlo shooting and the entire assembly of spheres 
was slightly expanded vertically. The vertical expansion compensates 
for the volume in the overlapped regions. The particle radius was 50 nm 
(in agreement with experiment, radii determined by DLS). The grid 
resolution was Δx = 6.25 nm. The cell height was 200 nm. The absolute 
value of the sphere’s viscosity, |ηP|, was 10 times larger than the 
(Newtonian) viscosity of the bulk liquid. The loss tangent was 0.3, 1.0, 
or 3.0. The shear modulus of the particle, GP, is given as GP = iωPηP. 
Neither GPʹ nor GPʹʹ was made to depend on frequency. Assuming both 
GPʹ and GPʹʹ as constant amounts to a choice with regard to viscoelastic 
dispersion. Viscoelastic dispersion affects the comparison between 
overtones, in principle, but this comparison is unessential for the fea
tures discussed below. With these settings and a coverage of 0.5 (43 ×
43 × 32 grid points), one ring-in requires about 0.2 min on a desktop 
computer with 6 cores. We also used clusters employing either 2 × AMD 
Epyc 7502 CPUs and 1024 GB RAM (64 physical cores, 128 logic cores) 
or 2 × AMD Epyc 7281 CPUs and 1024 GB RAM (32 physical cores, 64 
logic cores). The RAM capacity was not fully exploited by this code, 
while the CPU resources were. 

Fig. 5. A horizontal and a vertical cut through the simulation volume. The red 
line in panel A shows where the vertical cut for panel B was made. The coverage 
in this example is 0.67. Spheres were allowed to overlap by an amount equal to 
1/6-th of the particle radius. The overlap emulates wet sintering. A closer look 
reveals the individual cells of the grid. Color encodes the local relaxation rate. 
At the boundaries between cells, the relaxation rate is an arithmetic mean of the 
relaxation rates in the adjacent domains (where the latter are calculated from 
Eq. S14 in the SI). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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Simulation results 

Figs. 6 and 7 show output from a typical simulation run. The loss 
tangent for this run was tan(δP) = 1. The maximum overlap amounted to 
1/6th of the particle radius. These simulations comprise 5 overtones (n 
= 3, 5, 7, 9, 11), 20 degrees of truncation (linearly spaced between 0.2 
and 1) and 20 coverages (linearly spaced between 0.1 and 1). Because 
these data suffer from discretization errors, the data shown in Fig. 6 all 
are moving averages over three neighboring values on the x-axis (which 
is the degree of truncation). Non-averaged data are shown in Fig. S9 in 
the SI. No averaging was needed on the coverage scale (Fig. 7). 

Results from runs with other choices for the system parameters are 
provided in section 3 of the SI. These differ from Figs. 6 and 7 in the 
quantitative details, but not in the features underlying the 
interpretation. 

Fig. 6A and B show Δf/n and ΔΓ/n versus the degree of truncation for 
selected coverages. For low coverage, − Δf/n increases with truncation, 
which presumably is related to improved coupling between the sphere 
and the surface as sketched in Fig. 8A. At large coverage and large 
truncation, − Δf/n decreases with truncation (grey ellipses in Fig. 6A2 
and A3). Such a decrease is predicted by the mechanism sketched in 
Fig. 1B. The argument is reiterated in Fig. 8B. Fig. 8A invokes increasing 
contact stiffness (which may lead to a particle resonance), while Fig. 1B 

does not. 
As panels B1 – B3 in Fig. 6 show, the bandwidth mostly decreases 

with increasing truncation. Sometimes – but not always – there is a slight 
increase of ΔΓ/n with truncation at low truncation. In cases, where a 
maximum is seen (Fig. 6B1), the maximum shifts to higher truncation 
when the overtone order is increased (indicated by arrows). This result 
agrees with experiment and disagrees with the prediction from the film- 
resonance model. 

Panels C1− C3 in Fig. 6 show polar plots (ΔΓ/n vs Δf/n, see also 
Fig. 2B). These plots test for the coupled resonance. A coupled resonance 
would produce a circle or spiral. There is a hint of a semicircle in 
Fig. 6C3. That is not proof for a coupled resonance, but does not strictly 
refute it, either. 

Fig. 7 shows the same data as Fig. 6, but now versus coverage for 
selected truncations. There is an anomaly in –Δf/n for the highest 
coverage in Fig. 7A1. It is related to overlap. We do not attribute much 
importance to this one data point. 

As Fig. 7B shows, ΔΓ/n as a function of coverage sometimes displays 
a maximum. Similar maxima have occasionally been observed in ex
periments, where adsorbed polymers became more compact as the 
amount of adsorbed polymer increases. An example is reported in [44]. 
Increased density in these cases implies increased stiffness and 
decreased resonance bandwidth, in consequence. Maxima in resonance 

Fig. 6. Overtone-normalized shifts of frequency, Δf/n, (A1 – A3) and bandwidth, ΔΓ/n, (B1 - B3) plotted versus truncation. The coverages are indicated above the 
panels on the left-hand side. The arrows indicate increasing overtone order. The grey ellipses in A2 and A3 indicate decreasing -Δf/n, caused by flattening. Panels 
C1 – C3 test for the coupled resonance. In a polar diagram, a coupled resonance produces a circle or a spiral. Whether increasing truncation drives a coupled 
resonance (which would amount to a particle resonance, see section 2) can be debated. 
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bandwidth have also been observed while adsorbing virus particles to a 
QCM surface [45]. These particles are rather stiff, internally. The 
decreased dissipation at high coverage in these cases can be attributed to 
the pattern of fluid flow around the particles. High coverage is linked to 
a decrease in effective roughness. In most models of roughness effects in 
QCM experiments, the scale of roughness is divided by the depth of 
penetration of the shear wave, δ [46]. δis the intrinsic length scale of the 

problem. The higher overtones feel small-scale roughness stronger than 
the low overtones because of their lower δ. The slight decrease in ΔΓ/n, 
which is sometimes seen at high coverage, presumably goes back to this 
effect. With exception of one data point in Fig. 6A1, − Δf/n never de
creases with increasing coverage (Fig. 7A). 

Fig. 7C (polar plots as in Fig. 6C) tests for a coupled resonance driven 
by increasing coverage. The plot does not show circles or semicircles. 
Fig. 7D tests for the applicability of the ΔΓ/Δf–extrapolation scheme 
[35,47]. According to the extrapolation scheme, a plot of ΔΓ/(− Δf) vs 
− Δf/n shows straight lines, which extrapolate to the same point on the 
x–axis for all overtones. The data follow this prediction reasonably well, 
but the agreement is less impressive than in [35]. 

Comparison with experiment 

In the introduction, two separate mechanisms were proposed to 
explain the maximum in ΔΓ, which were flattening and reduced 
roughness caused by wet sintering. Neither mechanism alone can 
explain the experimental data. Flattening leads to a decrease in band
width and in some cases to an increase in frequency. It rarely leads to an 
increase in bandwidth. Mostly, increased coverage lets both − Δf/n and 
ΔΓ/n increase (as in many adsorption experiments). Occasionally, large 
coverage lets the bandwidth decrease slightly. It rarely lets − Δf/n 
decrease. Only the combination of both mechanisms can explain what is 
seen in Fig. 4. Initially, increased coverage lets − Δf/n and ΔΓ/n 

Fig. 7. Overtone-normalized shifts of frequency and bandwidth plotted versus coverage in A and B. The truncations are indicated above the panels on the left-hand 
side. Panels C and D test for the particle resonance and for the applicability of the ΔΓ/(-Δf)–extrapolation scheme. For details see the main text. 

Fig. 8. When isolated particles flatten out, -Δf/n increases due to an increased 
contact stiffness (A). However, when a dense layer of particles shrinks (flattens 
out), -Δf/n decreases due to the decreased layer thickness (B). The latter effect 
explains what happens in the ranges covered by the grey ellipses in Fig. 6A2 
and A3. 
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increase. The decrease in ΔΓ/n and the – occasional – decrease in − Δf/n 
observed in a later stage are caused by flattening. This explanation does 
not invoke a coupled resonance. 

To further address the possibility of a coupled resonance, Fig. 9 
shows polar plots of the experimental data from Fig. 4. For PMMA 
(Fig. 9A), the polar diagram does show what might be viewed as a spiral. 
Possibly, the particle resonance plays a role in this case. For PBA 
(Fig. 9B), the polar diagram does not show such an indication of a spiral. 

The findings from Fig. 4 can be fully explained without a particle 
resonance. The difference between PMMA and PBA in this explanation 
simply is in the time needed for flattening. This time is longer for PMMA, 
hence the decrease − Δf/n. A similar decrease exists for PBA, in princi
ple, but is masked by the increase in coverage occurring in parallel. 

This leaves the question of why strong maxima in bandwidth are 
observed for multilayers (Fig. 3B and C). A coupled resonance is difficult 
to understand for multilayers, but increasing coverage, followed by 
compaction appears plausible. This configuration is too complicated to 
be reproduced with FD-LBM, but compaction of a multilayer is similar to 
flattening of a monolayer. 

It should be emphasized at this point that wet sintering (as observed 
here) is one out of numerous mechanisms, which can drive a compac
tion. The most prominent example for compaction at a substrate prob
ably is coagulation dipping [48]. In coagulation dipping the substrate 
releases a coagulant (often Ca2+-ions), which destabilizes the polymer 
dispersion, leading to the formation of a film. Compaction can also be 
induced electrochemically, as in cathodic electrodeposition [49]. FD- 
LBM will allow to interpret QCM-D experiments on compaction 
[50,51] in mechanistic detail. 

Conclusions 

The maxima in bandwidth observed in QCM experiments on heat- 
transfer fouling can be traced back to the particulate nature of the 
sample. Hard particles (PMMA) and soft particles (PBA) differ in their 
behavior insofar, as PMMA does show a decrease in − Δf/n after the peak 
in ΔΓ/n, while PBA does not. FD-LBM reproduces the features seen in 
experiment. Key to the explanation is a flattening of the adsorbed 
spheres over time. A particle resonance may play a role, but is not 
strictly required for the explanation. 

This interpretation amounts to a statement on whether the fouling 
process should be viewed as reaction fouling [52,53] or particle fouling 
[54]. If the mechanisms sketched in Fig. 1 indeed underly the experi
mental findings, the maximum in ΔΓ is caused by particles, not by a 
planar film. Chemical reactions at the resonator surface are certainly 
expected, but they mostly affect the attachment of particles. Would they 
produce a planar film, they would lead to a film resonance, at variance 
with experiment. 
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