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Technology, Gotheburg, Sweden

Industrial plate heat exchangers for cooling of complex, condensing gas mixtures
are possible to operate in a self-cleaning mode if a stable flow of small, spherical-
like, motile drops can be realized over the heat transfer surfaces. Here, we
investigate the effects of adding an amphiphilic component (benzoic acid) to
a pure air/water system in terms of providing the necessary prerequisites for such
a functionality. The equilibrium apparent (static) advancing and receding contact
angles are measured experimentally at varying inclinations and used to inform
multiphase direct numerical simulations using the Volume-of-Fluid method. The
simulations enable quantification of the distortion of drops caused by the
combined gas-liquid-plate interaction in the presence of flow. It is found that
the addition of benzoic acid lowers the apparent contact angles, and that the
magnitude of this effect is dependent on the plate surface treatment — being
more pronounced on a hydrophobically modified plate than on a hydrophilically
modified one. The addition of benzoic acid increases the wetting of the drop on
the surface and decreases the flow-exposed gas-liquid interface, although both
these effects are relatively modest in magnitude. It is suggested that two-phase
heat exchangers relying on self-cleaning mechanisms are relatively immune to
the presence of low concentrations of amphiphilic impurities that are chemically
similar to benzoic acid. The present work thus highlights the role of combined
experimental-numerical approaches to gain insight into process phenomena that
are not readily amenable to only experiments or only modeling.

benzoic acid, computational fluid dynamics, contact angle, hydrophobic, two-
phase flow

1 Introduction

Cooling of hydrocarbon-rich gas mixtures is common in many industrial processes, for
example, in upgrading and heat recovery of product gases from thermochemical conversion
of biomass (Thunman et al., 2018). Such cooling processes are associated with severe
challenges related to fouling and deterioration of process equipment, as heavier compounds
involving aromatic rings (collectively known as tars) may stick to heat transfer surfaces as
they condense (Maggiolo et al., 2019a; Miiller-Steinhagen et al., 2011). Such fouling implies
a need for constant expensive maintenance of filters, pipes, and overall equipment (Melo
et al,, 1988) and impedes heat recovery. The need to adapt entire process schemes to avoid
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problems with fouling and the suboptimal heat recovery leads to
higher investment and running costs (Li et al., 2017; Jordan and
Alkay, 2013). Researchers and engineers have therefore sought new
solutions to heat recovery during hydrocarbon-rich gas cooling,
where fouling can be either minimized or mitigated altogether. One
such approach is to draw inspiration from surface-modification-
based anti-fouling techniques developed for the dairy industry
(Santos et al., 2004) or membrane processes (Kochkodan et al.,
2014). As tars are typically repelled by water, the formation of a
water film (on hydrophilic surfaces) or a droplet-laden “lotus
effect’-type of flow (Zhang et al, 2016) (on hydrophobic
surfaces) can be hoped to protect the heat transfer surface from
tar deposits (Maggiolo et al., 2019a).

Recently, it has been shown that a self-cleaning effect may
indeed be realized in plate heat exchangers operated at
conditions favorable to promoting the formation of small,
spherical-like, motile drops (Maggiolo et al., 2019a; Maggiolo
et al., 2019b; Zhang et al., 2019; Hassan et al., 2020; Al-Sharafi
et al, 2017) as steam and tars condense (Maggiolo et al., 2019a;
Maggiolo et al., 2019b). More specifically, experiments revealed that
fouling is significantly reduced on hydrophobically treated plates
(whereas severe fouling is observed on untreated ones) after hours of
exposure to producer gas from biomass gasification (Maggiolo et al.,
2019a). Observation of the plates after the experiments indicated
that the condensed droplets are smaller and that the overall hold-up
of condensed vapor is lower in the hydrophobically treated plates,
indicating a pronounced mobility of droplets. Numerical
simulations of the two-phase flow and condensation in the heat
exchanger confirmed the effect of wetting on droplet pattern
formation, elucidating how vapor condenses in the form of
numerous small droplets to collect and remove tars to prevent
severe fouling (Maggiolo et al., 2019a).

However, in Maggiolo et al. (2019a), these conclusions were
reached through numerical simulations based on physicochemical
data for pure air/water systems, and the possible role played by tar
components in modulating the contact angles at the three-phase
contact line have hitherto been overlooked. Therefore, it is the aim of
the present work to investigate the possible modulation of wetting
properties imparted by addition of tar-like components to a pure air/
water system.

In typical thermochemical conversion processes, the dominant
tar species would be benzene and toluene (Thunman et al., 2018).
Benzene is carcinogenic (Loomis et al., 2017) and toluene is toxic
(Cohr and Stokholm, 1979). In the current work, benzoic acid was
therefore chosen as a safer, structurally related compound to
benzene and toluene, allowing insight into how aromaticity and
limited water solubility affect droplet behavior, while avoiding the
toxicity and volatility of the more hazardous industrial analogs.
Benzoic acid (CsHsCOOH) has a benzene ring with a carboxyl
substituent, as opposed to pure benzene (CsHg; a pure benzene ring)
or toluene (C,Hjg; a benzene ring with a methyl substituent). Benzoic
acid exhibits amphiphilic behavior: the hydrophobic aromatic ring
in benzoic acid preferentially orients towards the gas phase at a gas-
liquid interface, while the polar carboxyl group remains in the water
(Lu et al., 2024). In terms of hydrophobicity and n-m interactions at
the air-water interface, benzoic acid is therefore considered a
reasonable proxy for benzene and toluene. However, it should be
stressed that the behavior in terms of volatility and vapor-liquid
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dynamics (which are not the focus of the present work) are not
expected to be well representative of water/benzene or water/toluene
mixtures. We specifically note that benzoic acid can act as a weak
surfactant due to partial ionization, which means that it might lower
surface tension in a way that benzene and toluene do not (Phan,
2018). Therefore, the current analysis is designed to be conservative.
The elucidation of the role played by benzoic acid at the gas-liquid
interface in air-water-plate systems relevant to industrial
hydrocarbon-rich gas cooling can therefore provide important
first insights into the possible modulation of the self-cleaning
effect by surface-active components including aromatic rings at
low concentration.

It is known that uncoated steels exposed to benzoic acid
solutions tend to attain increased contact angles due to surface
adsorption where the carboxyl anchors to the steel and exposes the
aromatic ring (Satyarthy et al.,, 2025; Alamry et al., 2023). Coatings
can, however, significantly alter the possibility of surface adsorption
and thereby affect the role of benzoic acid in wettability modulation
on steel (Kolman and Abbas, 2019). More specifically, addition of
benzoic acid increases the contact angle if surface adsorption takes
place, whereas it decreases the contact angle if there is no strong
interaction with the solid surface as the gas-liquid surface tension is
lowered (Kim et al.,, 2021; Liang and Clarens, 2018).

Here, we perform experimental characterization of the
equilibrium contact angles for drops placed on steel plates,
treated to be either more hydrophilic or more hydrophobic than
conventional steel. We systematically quantify the effect of adding
benzoic acid to distilled water on the equilibrium contact angles of
drops placed on either of the two plates.

Thereafter, we perform multiphase direct numerical
simulations of drop motion in a doubly periodic channel
that mimics a straight section of a plate heat exchanger. We
enforce the experimentally derived contact angles and quantify
numerically the plate area wetted by the drop as well as the drop
gas-liquid interface area exposed to the fluid flow. We furthermore
assess the importance of flow deformation in modulating the drop
shape. Using the combined experimental-numerical approach, we
make a first assessment of the suitability of using pure air/water
properties for simulations of self-cleaning in two-phase heat

exchangers.

2 Methods
2.1 Experimental

The experimental procedure is designed to establish the
equilibrium contact angles of water, with and without a solute
containing an aromatic ring, on two steel plates of different
surface modification. The experiment is performed for plate
inclinations from 0 to 20".

The plates are the same as those investigated by Maggiolo et al.
(2019a). The silicon-based treatments of the plates are performed
using a liquid precursor applied using a wet chemical process,
followed by a thermal curing step. The resulting ceramic coatings
are purely inorganic silicon oxides with an average thickness of
400 nm, where one of the plates is more hydrophilic and the other is
more hydrophobic.
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FIGURE 1

(a) Photo of experimental setup; (b) Illustrations of computational setup — (A) the doubly periodic box domain with plates at the bottom and top, (B)
the mesh resolution in the plane drawn in the middle of panel (A,C) drop placed on the bottom wall as the initial condition, (D) snapshot from a simulation
with flow; (c) Sample photos from the experimental tests, along with their extracted apparent advancing and receding contact angles: [i] hydrophilic
coating, 0-degree inclination, pure distilled water; 6, = 67.98, 6, = 67.68, [iil hydrophilic coating, 8-degree inclination, distilled water with benzoic
acid; 0, = 73.55, 6, = 57.92, [iii] hydrophobic coating, 16-degree inclination, pure distilled water; 6, = 127.77, 6, = 87.18, [iv] hydrophobic coating, 6-degree
inclination, distilled water with benzoic acid; 6, = 106.73, 6, = 97.67. The horizontal scale bars in panels [i-iv] illustrate a length corresponding to 1 mm.

Two solutions are employed in the experiments: pure distilled
water and distilled water with dissolved benzoic acid. We employ a
concentration of 200 mg/L (prepared by dissolving 50 mg benzoic
acid in 250 mL distilled water). The solubility of benzoic acid in
water is 3,400 mg/L at 302 K (PubChem, 2019).

The metal plate is fixed on a clamp with the desired inclination/
tilting angle, as illustrated in Figure la. Drops are placed on the
surface by a pipette. The droplet contact angles are analyzed for
every 2° inclination of the metallic plate. At 20°, the droplet starts to
slide on the hydrophilic coating. Three repeated trials are conducted
for every inclination of the metallic plates to quantify the
repeatability. The volume of a single drop is calculated by
counting the number of drops it takes to fill a volume of 10 mL.
This test was also repeated thrice. 210 drops were required to fill a
volume of 10 mL, hence the volume of a single drop is
approximately 0.05 mL.

Images of the droplets are taken during the experiment and
thereafter converted into grayscale images using Matlab R2020b.
The grayscale images are analyzed using ImageJ with the DropSnake
plug-in to determine the contact angles from a piecewise polynomial
fit (ImageJ software, 2015). More precisely, the DropSnake method
is based on B-spline snakes (active contours) to shape the drop
(DropSnake software, 2016).

It should be stressed here that we will be referring to the different
contact angles on the downhill and uphill sides of the drop when the
plate is tilted as advancing and receding contact angles, respectively.
As these terms are most often associated with a moving drop (and a
moving contact line), a more correct term would perhaps be
apparent or static advancing and receding contact angles (Lam
et al.,, 2002; Lam et al., 2001; Tadmor, 2004). However, we shall
use the shorter nomenclature to facilitate the presentation, whilst
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reminding the reader that the contact line remains pinned for all
scenarios investigated in the current work.

2.2 Simulations

Computational fluid dynamics (CFD) simulations are
performed using the Volume-of-Fluid (VOF) method (Renardy
et al., 2001), which is a one-fluid multiphase Direct Numerical
Simulation (DNS) methodology based on the Navier-Stokes
equations (continuity (Equation 1) and momentum balance
(Equation 2)):

Vev=0 ey

av av _ . T M
R R R L R v

()

Here, v is the velocity (m/s), p is the pressure (Pa), g is the
gravitational acceleration vector (m/s?), o is the surface tension at the
gas-liquid interface (N/m), « is the volume fraction of liquid (-), and
the one-fluid properties (density, p, and viscosity, ) are obtained
using Equations 3, 4:

p=ap+(1-a)p, A3)

p=op+ (1-ay, (4)

The volume fraction field is described by the following
advection equation:

da
§+V~((xv)=0 (5)
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The computational domain is a box of 10 x 5 x 10 mm’, with
periodic boundary conditions in the x and z directions, and no-slip
wall boundary conditions on the top and bottom in the y direction.
The plate-to-plate distance is 5 mm. A pressure gradient of 0.143 Pa/
m, chosen to attain an approximate velocity of 0.02 m/s (as in
Maggiolo et al. (2019a)), is applied to drive the flow in the z direction.

In the cell layer next to the wall boundaries, the contact angle
prescribed from experiments is used to set the local curvature of the
interface such that the experimentally determined wall adhesion is
recreated in the simulation. In our previous work, we employed a
density-dependent function to recreate the macroscopically
observed equilibrium contact angle in a Lattice-Boltzmann
framework (Maggiolo et al.,, 2019a; Maggiolo et al., 2019b). The
herein adopted approach enables us to prescribe the experimentally
observed contact angle directly (rather than indirectly via parameter
tuning) and to use the physically correct density and viscosity ratios
without stability problems (Aidun and Clausen, 2010).

The initial condition is that a spherical drop of 2 mm diameter is
placed on top of the bottom wall in a quiescent fluid. This drop size is
chosen as it is associated with the onset of the self-cleaning
mechanism on the hydrophobically treated plates (Maggiolo et al.,
2019a). Thereafter, the solution is advanced in time while monitoring
the magnitude of the total gas-liquid interface. The area of the
interface is obtained from the solver fields by creating an iso-
surface at a = 0.5 through interpolation of node values. At the
same time, the area of the plate wetted by a drop is obtained as
Z a;A;, where the sum is over all wall faces i on the bottom plate in
the computational domain, and A; is the local face area. The material
properties used in the simulations are: p, = 1.225 kg/m’, p; = 998.2 kg/
m’, e = 1.7894.107° Pa,s, 4y = 0.001003 Pa,s, and o = 0.072 N/m. Note
that, as benzoic acid is a weak surfactant and water at neutral pH is
used in conjunction with low concentration, the surface tension value
of the system is kept constant. The role of benzoic acid addition is thus
to alter the effective contact angle at the three-phase contact line, as
prescribed by the measurement data. When the areas have stabilized
after an initial transient, their values are recorded.

The solver used is the pressure-based Navier-Stokes solver of
ANSYS Fluent 2022. R1, which employes the SIMPLE scheme for
the pressure-velocity coupling, the PRESTO! scheme for pressure
discretization, the second-order upwind scheme for the convective
term in Equation 2 and the second-order central differencing
scheme for the diffusion term. First-order implicit time stepping
is used with a fixed time step that always maintains a Courant
number less than 0.25. For Equation 5, the Geo-Reconstruct scheme
is used for the spatial discretization and an explicit scheme for the
temporal discretization.

The computational mesh contains 500,000 hexahedral cells at a
resolution of Ax = 0.1 mm. The domain, the mesh, the initial
solution, and a sample snapshot of an instantaneous solution are
visualized in Figure 1b.

3 Results and discussion
3.1 Experimental results

Examples of experimental photos with identified apparent
advancing and receding contact angles are provided in Figure lc,
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for both plates and at varying inclination. The main trends can be
discerned from the chosen examples: drops on a hydrophilically
treated plate exhibit lower contact angles than the same drop on a
hydrophobically treated plate; plate inclination induces a difference
between advancing and receding contact angles on both plates
(increasing the former and decreasing the latter); and addition of
benzoic acid to the distilled water tends to decrease contact angles.
The contact angle was not measured on uncoated steel plates but is
expected to be in the interval 68°-113° (Maggiolo et al., 2019a).

The complete experimental data set is presented in Figures 2a, b
for the plate with hydrophilic coating, and in Figures 2c, d for the
plate with hydrophobic coating. The error bars indicate the standard
deviation from three repeated experiments. It is seen that, at 20°
inclination, the drop has a tendency to start to slide on the plate, and
this phenomenon is reflected in a sharp increase in the
uncertainty estimate.

Overall, the decrease due to the presence of benzoic acid in
advancing and receding contact angles appears to be relatively
constant when varying the inclination of the hydrophilic plate. It
is approximately 4.0° for the advancing and 3.4° for the receding
contact angles, respectively. On the hydrophobic plate, the
differences are initially larger: for inclinations wup to
approximately 5°, the difference is 12.3" in contact angle on both
sides (advancing and receding). For larger inclinations, between
5 and 10°, the difference decreases and starts to deviate on the
advancing and receding sides: 11.2° for the advancing contact angle
and 10.4° for the receding contact angle. The difference invoked by
the addition of benzoic acid remains relatively constant for
inclinations up to 20°, whereas it more or less vanishes for the
receding contact angle at the higher inclinations.

The hydrophilicity of the silicon-based coating is governed by
surface silanol (Si-OH) groups that hydrogen-bond with water,
whereas hydrophobic behavior can arise from reduced -OH
density or surface chemistry that diminishes water adsorption
(Kolman and Abbas, 2019). Upon addition of benzoic acid, the
wettability may change either due to surface chemistry effects
(i.e., effects at the liquid-solid interface) or surfactant effects
(ie., effects at the gas-liquid interface). If the benzoic acid
molecules adsorb on the silica coating, its addition tends to
increase the contact angle (Satyarthy et al, 2025; Kolman and
Abbas, 2019; Terra et al., 2022; Staniscia et al., 2022). If, on the
other hand, the benzoic acid preferentially accumulates at the gas-
liquid interface (since the aromatic ring is hydrophobic),
modification of the air-liquid surface tension becomes more
dominant and the contact angle tends to decrease (Satyarthy
et al, 2025; Kolman and Abbas, 2019; Staniscia et al., 2022;
Ghzaoui, 1999). The present results, with a decrease in contact
angle at the introduction of benzoic acid to the distilled water, imply
that the coatings applied offer little chemical affinity for benzoic acid
and that the mild surfactant effects are instead dominant (Staniscia
et al.,, 2022).

The contact angle hysteresis (defined as the difference between
the advancing and the receding static contact angles) is shown in
Figure 2e. The hysteresis increases with increasing the tilting angle of
the plate, as is expected for a pinned droplet able to balance its own
weight by distorting (Quéré et al., 1998). For the plate with the
hydrophilic coating, the addition of benzoic acid has no significant
effect. This observation indicates that benzoic acid does not interact
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Angle

Apparent (static) contact angles at inclination angles from 0 to 20°: (a) advancing and (b) receding contact angles on the plate with hydrophilic
coating, (c) advancing and (d) receding contact angles on the plate with hydrophobic coating, and (e) contact angle hysteresis.

strongly with the solid surface, and hence the contact line pinning is
due to microscopic surface roughness or chemical heterogeneity
(e.g., patches of silanol groups) unaffected by the benzoic acid in the
liquid (Li et al., 2014). The contact angle hysteresis is similarly
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unaffected by the addition of benzoic acid on the hydrophobic plate
at low-to-moderate tilting angles. It is noted that the hysteresis is
lower on the hydrophobic coating than on the hydrophilic one in
this range, which supports the conclusion from Maggiolo et al.
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Stable droplet shapes in pressure-driven flow as predicted for contact angles of (a) 85° [reference case], (b) 100° [water with benzoic acid on
hydrophobically modified plate], and (c) 113° [pure water on hydrophobically modified plate]. Top row illustrates the gas-liquid interface (« = 0.5 iso-
surfaces). Bottom row illustrates the drop shape in the yz plane (colored by «, with blue = 1 and red = 0).

(2019a) that drops are more mobile on the hydrophobic plates. At
larger tilting angles, the hysteresis is reduced upon addition of
benzoic acid on the hydrophobic plate, indicating either
adsorption of benzoic acid molecules onto the SiO,-surface (the
carboxyl group could attach to polar -OH groups, exposing the
hydrophobic benzene ring and thereby increasing the effective
hydrophobicity of the
accumulation at the liquid-air interface (Kamienski et al., 1965;
Park et al, 2022).

In conclusion, we find that on the hydrophilically modified

surface) or modest benzoic acid

plate, the drops with pure distilled water and drops with benzoic
acid behave identically, apart from a constant offset in the
equilibrium advancing and receding contact angles on the order
of 3-5°. On the hydrophobically modified plate, the addition of
benzoic acid has a more pronounced effect, decreasing the
equilibrium advancing and receding contact angles by
approximately 11-12° at low plate inclination. As the plate
inclination is increased, the effect of the benzoic acid on the
receding contact angle more or less disappears, whereas the
influence on the advancing one remains relatively constant.
Contact angle hysteresis is relatively unaffected by benzoic acid
addition on both plates, except at high tilting angles on the

hydrophobic plate where hysteresis is reduced.

3.2 Simulation results

The purpose of the numerical simulations is to assess the role of
the fluid flow in shaping the moving drops with a prescribed
equilibrium contact angle in the system. The lateral and
streamwise periodicity implies that the drop is moving in a
system where the distance between adjacent drops is
with  the
experimental observations of Maggiolo et al. (Maggiolo et al,
2019a) for heat

Instantaneous visualizations of iso-surfaces representing the gas-

approximately 5 drop diameters, which agrees

industrial ~two-phase plate exchangers.
liquid interface at quasi-steady conditions are provided in Figure 3

for prescribed contact angles at the wall of 85, 100, and 113°. The 85-
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degree case reflects one of the cases investigated in Maggiolo et al.
(2019a) and is included here as a reference case, whereas the 113-
degree case represents pure distilled water and the 100-degree case
water with benzoic acid. As the contact angle increases, the drop
becomes more spherical. This observation is in good agreement with
the analysis in Maggiolo et al. (2019a), which showed that increased
hydrophobicity promoted the formation of small, spherical-like,
motile droplets under similar flow conditions.

The simulations enable quantification of the droplet surface area
and how it changes with changing the drop-plate interaction in the
fully resolved, three-dimensional transient flow field. Figure 4a
depicts the increase in the plate area wetted by the drop, as
compared to a spherical-cap drop of the same radius as the
initial drop. The more efficient the wetting of the plate (i.e., the
lower the equilibrium contact angle), the larger the wetted area.
These quantitative results align well with the qualitative observations
from Figure 3. At the same time, Figure 4b displays the decrease of
the surface area of the drop exposed to the flow, as compared to the
nominal surface area of the initial, completely spherical drop. The
deformation of the drop due to the interaction with the plate and the
flow leads to a decrease in the gas-liquid interface exposed to the
flow, whereas this effect is relatively mild for the investigated
parameter range. Finally, in Figure 4c, the variation of the total
drop surface area (sum of wall-wetted area and gas-liquid interface
exposed to the flow) with the equilibrium contact angle is shown. In
all cases, the deformation of the drop from the perfect spherical
shape implies an effective increase in the total drop surface area, and
this effect is more pronounced for the least hydrophobic plate. These
results underline the role of the hydrophobicity of the plate in
promoting the formation of close-to-spherical drops moving over
the plate surface.

We further extract the increase in exposed gas-liquid interfacial
area due to the flow, as obtained from comparisons of simulations
with an applied pressure gradient in the streamwise direction to
results obtained without any prescribed macroscopic motion
(i.e., zero pressure gradient in the streamwise periodic direction).
It is found that this increase is 0.065% at 85° contact angle, 0.28% at
100°, and 0.42% at 113°. Evidently, the role of the flow in modulating
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the xy plane at the periodic boundary in the z direction).

the gas-liquid interface is not strong at the current conditions. To
substantiate this analysis, we also analyze the streamwise velocity
profile along a line from plate to plate, through the middle of the
drop, and contrast the profile there to that along a line far away from
the drop. The outcome of this analysis is shown in Figure 4d. The
streamwise velocity far away from the drop exhibits a characteristic
parabolic shape. The velocity profile along the line cutting through
the drop has a parabolic-like shape above the drop, with the added
complexity arising from the internal circulation within the moving
drop that gives rise to negative flow in the streamwise direction just
inside the gas-liquid interface at the top of the drop. The role of the
flow outside the drop is thus to impart motion in the streamwise
direction, similar to that of the gas phase, along with inducing
internal circulation. The distorting inertial forces are not significant
compared to the restoring surface tension forces at the present
conditions, and so the deformation of the droplet shape due to the
flow is minimal, as expected.
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In conclusion, we find that the drop is more spherical at higher
plate hydrophobicity, such that the hydrophobically treated plate
promotes the formation of almost-spherical droplets. The
disturbances induced by the flow on the droplet shape are not
significant at the current operating conditions. The role of benzoic
acid addition to a pure distilled water drop is to cause a more
pronounced spreading of the drop on the plate, however the
differences are not large (cf. panels (b) and (c) in Figure 3). The
more pronounced wetting of the plate is associated with a decrease
in the gas-liquid interface area exposed to the flow. Therefore, the
role of a component such as benzoic acid is to decrease the
effectiveness of the two-phase heat exchanger in promoting the
flow structure needed to maintain self-cleaning functionality.
However, it is also clear from the current results that the effect
of benzoic acid is relatively minor: as long as the equilibrium contact
angles are within the hydrophobic range, the overall characteristics
of the drop properties and behaviors are seemingly maintained.
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4 Conclusion

Self-cleaning effects can be induced in two-phase droplet-
if the system
conditions promote the emergence of small, spherical, motile
The
experiments using complex chemical makeup and reproduced

laden flows characteristics and operating

drops. underlying principles have been shown in
in numerical simulations using physicochemical properties
representative of air-water systems. In the present work, we
experimentally and numerically investigate the addition of
benzoic acid to an otherwise pure air-water system on
the equilibrium contact angles of drops placed on
hydrophilically and hydrophobically modified plates, at varying
plate inclinations.

We show that the addition of benzoic acid produces a
constant offset in the equilibrium advancing and receding
contact angles on the order of 3-5" on the hydrophilically
modified plate. On the hydrophobically modified plate, the
addition of benzoic acid has a more pronounced effect, in that
it decreases the equilibrium advancing and receding contact
angles by approximately 11-12° at low plate inclination. The
effect on the advancing contact angle remains at all tested
inclinations, whereas the effect on the receding one disappears
as the inclination is increased.

The simulations show that the hydrophobically treated
plate, as expected, produces more spherical drops that are
relatively immune to flow-induced disturbances. The addition
of benzoic acid reverts the system somewhat to the behavior of
a less hydrophobic one, by increasing the wetting of the drop
on the surface and decreasing the flow-exposed gas-liquid
interface. The effect is however not strong, and it is concluded
that heat

mechanisms can still be expected to be relatively immune

two-phase exchangers relying on self-cleaning
to the dissolution of amphiphilic impurities containing a
benzene ring, at least provided that it comes with a carboxyl

substituent.
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