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Modification of molecular interactions at the interface
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Abstract — Recent studies with respect to mitigate heat exchanger fouling spend only minor attention to the possibility of modifying
molecular interactions at the interface between heat transfer surface (substrate) and adjacent crystalline deposit (adhesive). New
anti-fouling strategies deal with a defined modification of these interactions to reduce the corresponding adhesive strength favouring
the removal process due to the wall shear stress. By means of drop shape analysis the interfacial free energy adhesive/substrate has
been determined. On the basis of numerous fouling experiments the interfacial defect model has been identified to serve as a tool to
estimate the optimal choice of surface material. For the description of the influence of interfacial energies between two materials on
adhesion both van der Waals and hydrophobic interactions making allowance for the presence of polar media have been analyzed. The
geometric and harmonic mean approach (van der Waals forces only) is chosen for the description of metallic surfaces. For polymeric
materials where repulsive interactions have to be taken into account, the Lewis acid-base approach (also considering hydrophobic
interactions) is favoured. [J 2000 Editions scientifiques et médicales Elsevier SAS

precipitation fouling / induction period / interfacial free energy / van der Waals forces / hydrophobic interactions / adhesion

Nomenclature r  wallshearstress . ............ N2
¢ adhesivestrength . . .. ......... N2

A area . ... n

C constant Superscripts and subscripts

c concentration . . ............. ky 3

G Gibbsfreeenergy ............ J 0 clean surface

k  overall heat transfer coefficient . . . . . W2.K-1 1  adhesive phase

m  mass flow rate perunitarea . . ... .. -kg*2-5*1 2 substrate phase

P opressure . ... Pa 3 surrounding phase

R¢ fouling resistance. . .. ......... FKk-w1 AB Lewis acid—base

T temperature . ............... K d  deposition

t time . . ... .. .. . h dis dispersive

w flowvelocity . .............. s 1 f fouling layer

ind induction period

Greek symbols
LW Lifshitz—van der Waals

Vij interfacial free energy between two

ol polar
adjacent phaseésand;j . ... ..... Nm~—1 pol P
. - . r removal
A12 spreading coefficient of adhesive 1 on s solid
substrate 2 . ... ... ML v vapour
6 contactangle . .............. degree b
w  wall
~  testliquid
* Correspondence and reprints. +  electron acceptor

m.bohnet@tu-bs.de electron donor
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Abbreviations

CCD charge coupled device

CVD chemical vapour deposition

DLC diamond like carbon

DLVO named after Derjaguin, Landau, Verwey and
Overbeek [8, 9]

DSA drop shape analysis

FEP fluorinated ethylene propylene

PFA  perfluoroalkoxy copolymer

PMMA polymethylmethacrylate
PTFE polytetrafluor ethylene

1. INTRODUCTION

The growth of fouling layers on heat transfer surfaces
is a severe problem for industry [1-4]. Due to insula-
tion these crystalline deposits contribute to the overall
heat transfer coefficient deteriorating the performance of

Bohnet

heat exchangers considerably. The decreased efficiency Figure 1. Texture of a fouling layer (CaSO4) at the beginning of

of heat transfer units can be desribed by the fouling re-

sistance, i.e. the additional heat transfer resistance due to

the fouling layer:

1 1

Rf =
ki ko

(€]
Here, ks denotes the overall heat transfer coefficient for
the fouled andkg for the clean surface, respectively.
The fouling process can be divided into two periods, i.e.
induction and fouling period. In the induction period the
formation of stable nuclei at the heat transfer surface and
the crystal growth take place. In the succeeding fouling
period an increase of fouling resistance versus time can
be measured due to the initiated formation of a compact
fouling layer.Figure 1shows the texture of a crystalline
CaSQ-deposit at the beginning of the fouling period.

Both induction and fouling period consist of a depo-
sition and removal process described by the deposition
mass raterq and removal mass rai#,, respectively. The
deposition mechanism of the fouling period depends on
diffusion of the salt ions from the bulk to the solid foul-
ing layer and a chemical reaction when the ions arrange
themselves into the crystal lattice. The removal mecha-
nism of the fouling period is mainly influenced by the in-
teraction between wall shear stress due to the liquid flow
and shear strength of the scaling. On the other hand, the
deposition mechanism of the induction period is a func-
tion of the nucleation rate, whereas the removal mecha-
nism is mainly affected by the adhesion between crystals
and heat transfer surface as describefigure 2 A more

698

the fouling period.

wall shear stress

w—

M, aqueous solution

laminar
boundary layer

" heat transfer
adhesive strength

Figure 2. Deposition and removal during the induction period.

detailed description of the transport mechanisms can be
foundin [5, 6].

Modern anti-fouling strategies are based on approach-
es increasing the duration of the induction period and,
hence, decreasing the adhesive strength between crystals
and heat transfer surface. In order to relate physical
properties of the interface crystal/heat transfer surface to
adhesion the interfacial interactions have to be analyzed.
Figure 3 gives an overview of interactions playing a
decisive role in adhesion. Oliveira [7] provides a detailed
description of all relevant interactions.

In the succeeding sections approaches according to
the DLVO theory (named after Derjaguin, Landau, Ver-
wey and Overbeek [8, 9]) are discussed based on the
assumption that dispersive and polar Lifshitz—van der
Waals forces are of major importance for the adhesion
mechanism. In addition, the commonly repulsive double
layer forces due to the tendency of particular materials
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adhesion

molecular interactions mechanical forces |

other forces

DLVO forces

—— Lewis acid-base "AB" interactions
considering the presence of polar
media

—— ion bridging

electrostatic double
layer forces

van der Waals
forces "LW"

L nonpolar, fluctuating (dispersive) "dis" Brown repulsion

—— dipole-dipole, permanent (polar) "pol" —— -~
— dipole-induced dipole "pol"

—— hydrogen bonding "pol"

Figure 3. Interfacial interactions influencing adhesion.

to acquire an electrical charge when immersed in po- In the storage tank the salt concentration of the aque-
lar media are taken into account in order to explain the ous calcium sulphate solution is controlled by conduc-
measured dependence of energy related interfacial prop- timetry. A centrifugal pump realizes a continuous loop of
erties of DLC coatings on fouling behaviour. According the liquid flow. The filter avoids sedimentation of parti-

to van Oss [10] Lewis acid—base interactions in polar me- cles and secondary nucleation in the test sections since
dia (e.g., water) can cause anomalies in the theoretical seed particles can influence nucleation behaviour consid-
interpretation of interfacial interactions using the DLVO  erably. The heat exchanger guarantees a constant inlet
theory. In contradiction to the latter theory considering temperature at the test sections. Both second and third
attractive forces only, for some materials repulsive elec- test section consist of annular test tubes for reference
tron donor—electron acceptor interactions based on the measurements. Accordingfigure 5 for the first test sec-
Lewis acid—base theory can develop when the substrates tion, a rectangular geometry has been chosen. The section
are immersed in polar media. Therefore, the approach of includes a plate heat exchanger suited for a comfortable

van Oss is analyzed with respect to its ability to describe réplacement of its heat transfer surface when different
the influence of interfacial energies on adhesion. materials have to be characterized with respect to their

fouling performance. The surface is electrically heated
by three rod heaters. The temperature of the test surface
is measured by six thermocouples in order to determine
2. FOULING EXPERIMENTS the fouling resistance. The wall of the test section con-
tains a transparent section made of PMMA for the obser-
vation of the fouling process, especially of the induction
In order to evaluate the dependence of interfacial char- period. This helps to identify regions which are preferred
acteristics at the interface crystal/heat transfer surface on for nucleation.
adhesion during the induction period several surface ma- Figures 6 and 7 provide the measured dependence
terials have been exposed to the liquid flow of an aque- of the fouling resistance?; on time for metallic and
ous calcium sulphate solution. The arrangement of the polymeric surface materials. All test runs have been per-
deployed measurement unit is giverfigure 4 formed using an aqueous Cagebolution of inverse solu-
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Figure 4. Experimental arrangement.
bility. The constant heat flux densitygs= 31.8 kW-m—2 duced in a CVD process proved to be a strategy to in-
giving an initial wall temperature dfy, ;—o = 75°C. Due crease the duration of the induction period. After more
to a constant heat floWi, ;—o is equal to7; defined as than 475 h the system is still within the induction pe-

the temperature at the interface between fouling layer and riod. The height of single crystals exceeds the thickness
heat transfer surface. Sin@e is less than the tempera-  of the laminar boundary layer resulting in an increased
ture of ebullition, only convective heat transfer has to be turbulence which leads to an improved heat transfer and,
regarded. hence, to negative values &f.

In figure 6 copper shows the most significant foul- The fouling curves of PTFE, FEP and PFA coated sur-
ing tendency, whereas brass alloys, such as Ms(A) and face materials given ifigure 7contradict the widespread
Ms(B), correspond to longer induction periods compared thesis that, as a consequence, the use of such “low en-
to a common surface made of stainless steel. The deploy- ergy” materials leads to long induction periods. In spite
ment of new surface materials such as DLC coatings pro- of having the lowest surface enerdigure 7 shows a
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Figure 5. Plate heat exchanger.
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Figure 6. Fouling resistance versus time for metallic heat transfer surfaces.

701



M. Forster, M. Bohnet

flow velocity w = 0.2 m/s

heat flux density g = 31.8 kW/m®
initial wall temperature T,
salt concentration c = 2.5 g/l
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Figure 7. Fouling resistance versus time for polymeric heat transfer surfaces.

significant fouling tendency for PTFE. The deployment
of polymeric coatings on common heat transfer surfaces
made of stainless steel demands a minimal layer thick-

ness resulting in an inhomogeneous texture of the surface

coating due to the production process. The nonhomo-
geneity of surface material favours nucleation decreas-
ing the duration of the induction period. Once a com-

pact fouling layer has established under a constant heat

flux, the polymeric material is destroyed because of its

low temperature stability. Thus, the use of polymeric heat

transfer surfaces is not suitable for heat exchangers for
the operating conditions which have been examined.

For the investigation of low energy surfaces see also
Muller-Steinhagen and Zhao [11].

3. INTERFACIAL MOLECULAR
INTERACTIONS

3.1. Fundamentals

In order to evaluate the dependence of fouling behav-
iour on surface characteristics during the induction pe-
riod, the physical mechanisms taking place at the inter-
face crystal/heat transfer surface have to be analyzed. An
important parameter influencing interfacial interactions is
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phase 1 ( salt solution, vapour)
_T» 0 (crystal, droplet)
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phase 2

(heat transfer surface)

Figure 8. Interfacial free energies at the boundaries between
three phases.

the interfacial free energy

o G
Yij = 9A -

defined as the total reversible work to create an interfacial
area at the interface of the phaseand j [12]. Here,

G denotes the Gibbs free energy of the systéirthe
temperature ang the pressure. If the adjacent phase
J is vapour or vacuuny;; is also called “surface free
energy” of phasé. In the following sections interfacial
interactions are treated on the basis of an equilibrium of
three phases in contact accordinditure 8

Here, a spherical adhesive (phase 1) is resting on a
substrate (phase 2) in a surrounding phase (phase 3). For
the treatment of equilibria the notation used is specified
in table |. The state of aggregation of the adjacent phases
depends on the field of application, that means, whether
surface energies have to be determined by wetting exper-
iments, or fouling layers on heat transfer surfaces in a
surrounding liquid salt solution are regarded.
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i\h <

DI
source of sessile .
D data processin
light droplet CCD camera p 9

Figure 9. Experimental arrangement of the DSA measurement
device.

TABLE |
Designation of phases.

Index Wetting Fouling Designation of
experiments experiments phase
1 droplet (*~") crystal adhesive
2 heat transfer heat transfer substrate
surface surface
3 vapour salt solution surrounding

phase

Resolving the interfacial free energies givefigure 8

in a horizontal direction leads to the Young equation
Y23 = Y12+ ¥13C0Y 3)

Since the surface free energy of the heat transfer sur-
face influences the adhesion mechanisg, is deter-

mined by means of a DSA measurement technique de-
scribed infigure 9

Here, a droplet of a test liquid is placed upon the
surface to be characterized. By means of a CCD cam-
era and a data processing system the image of the lig-
uid droplet is digitized. Afterwards, the contour of the
droplet is analyzed with respect to the determination of
0, the contact angle corresponding to the wetting equi-
librium. The method demands that the physical proper-
ties of the test liquids are known. Different approaches to
substitutey; in equation (3) are given in the succeeding
sections.

3.2. Geometric and harmonic mean
approach

In contrast with the approach chosen by Hamaker [13]
who treats single interatomic interactions, Lifshitz fol-
lows a macroscopic approach to describe interfacial inter-
actions considering nonpolar and polar interactions found
by van der Waals [10]. According to Fowkes [14] the in-
terfacial energy can be divided into a dispersive (index

“dis”) and a polar (index “pol”) component assumed that
van der Waals forcedigure 3 are predominant.

Owens and Wendt [15] suggest a geometric mean ap-
proach to calculates2 which is mainly applied for non-
polar systems where the ionization potential of adhesive
and substrate equals each other, i.e.

— i
Y12=y13+ Y23 — 2(\/ yiSySS 4\ vis vas ) 4)

For the characterization of low energy systems such as
polymers or organic liquids Wu [12] favours a harmonic
mean approach based on the assumption that the polariz-
abilities of adhesive and substrate are similar:

; i ol pol
B )/fg'syzdés V1p3 V2p3
viz=vi3t+r23— 4| —55 " gs pol | _pol ®)
Y13 T Y23 vi3 + Vo3

Since the heat transfer surfaces to be characterized
concerning fouling performance and surface energy in-
clude nonpolar as well as low energy materials both the
geometric and harmonic mean approach are deployed to
determine interfacial energies. Either equation (4) or (5)
can be used to substitute the unknown interfacial energy
y12 in the Young equation (3). In order to determine the
surface free energyps of the heat transfer surface as
well as dispersive and polar components, the physical
properties of the test liquids are required. An increasing
amount of test liquids increases the accuracy of the wet-
ting experiments. According ttable Il, six test liquids
are deployed. Furthermore, a comparison between mea-
sured and literature data of the absolute surface free en-
ergyyisis provided. Here,*" is used to distinguish be-
tween interfacial energies corresponding to droplets and
crystals. A detailed designation of the phases is presented
in table . Since measurement is in good agreement with

literature data fofz, 7,3 and7" given intable Il can

be utilized.

Having measured the contact angle between test liquid
and heat transfer surface the only remaining unknowns

in equation (3) are/dis andy£<' since the absolute free

energyy23 can be derived according to Fowkes [14]:

dis pol

Yij = V,’j + V,'j (6)

Hence, at least two liquids are needed to determine

¥23, ¥9S and 22!, Before accurate DSA measurements
can be performed, a careful cleaning process has to be
carried out in order to minimize surface contamination.
The following cleaning stages have been chosen accord-
ing to Junghahn [17]: (1) soap water; (2) methyl alcohol;
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TABLE 1l
Physical properties of the test liquids.
Test liquid Pz MNmMY) Pz mNmY)  FISmNmY) R (mNmTY)  p (kgm3)
measured [14] [14] [14]
Water 72.80 72.80 21.80 51.00 998
Ethylene glycol 48.10 48.20 18.91 29.29 1113
Formamide 58.30 58.20 39.50 18.70 1132
1-Bromnaphthalene 44.30 44.60 41.20 3.40 1488
Methylene iodide 51.00 50.80 48.50 2.30 3318
Glycerin 64.00 63.30 20.22 43.08 1260
geometric mean method: pT— o4
80— ] pf)larc?mponent 500 A »
'E 55] [ dispersive component [ 450 bl
E 50 harmonic mean method: i S I
= 45 [] polar component \ ~ ~
= ispersi N P 350 @
o 40 H dispersive component E N 7 i
>8] \ .F_ | e
2 0] v A VM fee=
G 25] UV Faoog
g 20 . ZIm7 7 _150%’J
“é 15 4 ,’,, // 7 _1005
S 10 7 7 % ’,
€ 5] 7 7 v 1| || Fso
A / 7 7 / 7 7 //
[ / % 0
PTFE PFA FEP Ms(A)Ms(B) DLC St Br Al Cu
Material

Figure 10. Surface energy characteristics and induction time
(geometric and harmonic mean approach).

(3) ethanol; (4) destilled water; (5) acetone; (6) destilled
water; (7) drying stove.

Figure 10 shows results of wetting experiments on
heat transfer surfaces. In addition, the measured induc-
tion time fing is given. For the DLC coatinging have to
be extrapolated in the direction of the ordinate because
no increase in fouling resistance versus time could be de-
tected after 475 h.

The comparison of surface energy data with induction
time yields no correlation between interfacial interaction
heat transfer surface/vapour and fouling behaviour. Thus,
the choice of surface material with respect to least foul-
ing occurence cannot be based on surface properties of
the particular heat transfer surface only. In order to find
the optimal surface material the adjacent crystalline de-
posit has to be taken into account since the latter phase
also influences molecular interaction at the interface crys-
tal/heat transfer surface. So far, it is rather complicated
to measure realistic surface properties of single crystals
making allowance for their texture. Furthermore, no use-
ful literature data can be found to solve this problem. As
a first approach it is assumed that the energy related sur-
face properties of the adhesive side of a fouling lafigr (
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Figure 11. Adhesive side of a fouling layer.

TABLE 11l
Surface energy characteristics of the adhesive side
of a fouling layer.

yIEmNmY)  SRTmNmTY) s (mNmY)
36.5F 740 43.9F
37.68 10.2¢° 47.88

aReferred to geometric mean approach.
b Referred to harmonic mean approach.

ure 11) may be used for the description of adhesion of
crystals and crystalline clusters during the induction pe-
riod.

The adhesive side of a fouling layer has been exam-

ined by means of the DSA measurement unit to gain

information of y13, y{is and yfsc" (table 111) now corre-

sponding to “fouling experiments” accordingtgble .

Since the surface energy properties of both crystalline
deposit (adhesive) and heat transfer surface (substrate)
are accessible using the DSA measurement technique
the interfacial free energyi» adhesive/substrate can be
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derived by means of equation (4) or (5). This enables
one to determine the spreading coefficient defined in
equation (7)

(7)

For various polymer pairs the interfacial defect model
is capable of relating wetting characteristics to the adhe-
sive strengtht given that van der Waals interactions are
predominant[12], according to

-1
A
§:C<1_ _12)
V23

C refers to the mechanical properties of the system such
as the Young’s modulus. Increasingp is accompanied

by an improved wettability and, as a consequence, by
an increase of¢ due to less interfacial defects and

A12=)23— V13— V12

(8)

contact area, respectively. Two special cases have to be

considered:

(i) The equilibrium of forces according to the Young
equation (3) is valid which means & 6 < 18C°. With
the help of equations (3) and (7) the spreading coefficient
may be evaluated from

A12 = y13(Cosd — 1) 9)

If no spreading occurs correspondingte- 180°, equa-
tion (9) yieldsi12 = —2y13. In the case of spontaneous
spreading, i.ef = 0°, equation (9) gived12 =0.

(i) For A12 > 0 equation (3) cannot be taken since the
system is not in the state of equilibrium any longer.

Combining equations (7) and (8) yields

A2 )
Y13+ Y12

Hence, maximum wettability is a premise for maximum
adhesion according to

¢ :c(1+ (10)

A12 2 oo (condition for optimum adhesion) (11)

Since dispersive and polar van der Waals forces are
assumed to be of major importance for precipitation
fouling [6], the compatibility of the interfacial defect
model with the fouling phenomenon has been evaluated.
In figure 12 wetting characteristics described by
are opposed to fouling behaviour characterized by the
induction timefjng.

The results accumulated fiigure 12 verify the ca-
pability of the interfacial defect model to describe the
functional dependence of fouling behaviour on wettabil-
ity for metallic heat transfer surfaces since a high value of

- geometric mean method

-o- harmonic mean method

Spreading coefficient 1., / (NNm™)

T T T T
0 50 100 150 200 250

Induction time t,_,/ h

Figure 12. Spreading coefficient versus induction time for
metallic heat transfer surfaces (geometric and harmonic mean
approach).

TABLE IV
Wetting and fouling characteristics of DLC and polymeric
surface materials.

Surface material A12 (MN-m~T) ting ()
PTFE —39972, —4487 89.3
FEP —37.03, —4088 182.3
PFA —4030, —44.49 213.8
DLC -1052, -11.38 ~475

aReferred to geometric mean approach.
b Referred to harmonic mean approach.

12 corresponds to a high adhesive strength crystal/heat
transfer surface resulting in a short duration of the induc-
tion period. By means of the interfacial defect model the
fouling performance of particular materials can be pre-
dicted on the basis of DSA measurements only. The sur-
face material with respect to a long induction time should
lead to low spreading coefficients. The condition for least
fouling occurence can be stated according to

A2 4 —2y13 (condition for least fouling occurence)
(12)

On the other hand, the description of interfacial inter-
action by means of the previously introduced model fails
for polymeric surface materials and DLC coatings. None
of the (fing/A12) data points according t@mble IV fit to
the regression curve providedfigure 12

The discrepancy between model and reality can be
explained by means of an approach based on the Lewis
acid—base theory.
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3.3. Lewis acid-base approach

According to van Oss [10] the problem with the
use of geometric and harmonic means based only on
van der Waals forces is that none of this treatments
accounts for polar interactions due to the presence of
polar media (e.g., water). These electron donor—electron
acceptor interactions are explained using the Lewis acid—

base theory. Van Oss suggests an equation to calculate the

interfacial free energy;; as a function of a Lifshitz—van
der Waals component (index “LW") and a Lewis acid—
base component (index “AB”) by

Yij = )’,'bw + )’,’?B (13)
where the “AB” component comprises an electron accep-
tor (index “+”) and an electron donor (index-") para-
meter, i.e.

V,’?B =2 Vi;‘ryij_‘ (14)
Analogous to the preceding methods of Owens and Wu
the Young equation (3) is deployed to determine energy
related characteristics of heat transfer surfaces by DSA
measurements. The unknown interfacial eneygy is
substituted by

2
rz= (Vi = )+ 2 Vs

— iz —\Jrirss) (15)

The approaches of Owens and Wu according to equa-
tions (4) and (5) to substitutg;» in the Young equa-
tion (3) cannot describe forces otherwise but attractive
refering to positive values of12. In contrast, equa-
tion (15) suggested by van Oss enables one to calculate
both positive and negative values pf, corresponding

to attractive and repulsive interactions, respectively. Ap-
plying equations (3) and (13)—(15), valuesigh", 7,5
andy;; given intable Vas well as contact angles derived
by the DSA measurement technique, there are still three
unknown parameterg}y’, .5 and y,;, describing the
energy properties of the substrate. DSA measurements
with three test liquids are sufficient to solve the system
of equations.

In figure 13the measured energy related properties
based on the Lewis acid—base theory are accumulated
for various materials including a fouling layer as well
as calcium sulphate hemihydrate and dihydrate deposits.
Nearly all materials which have been examined manifest
only a y;; parameter. According to equation (14) the
yﬁB component of the total surface free energy equals
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TABLE V
Physical properties of test liquids [7].

~AB

Test liquid D h A "3

(MN-mY  (mNm1)  (mMNm1)  (mNm1
Water 21.8 51.0 25.5 25.5
Formamide 39.0 19.1 2.3 39.6
Methylene 50.8 0 0 0

iodide
—e— Lifshitz-van der Waals component "LW"
50—+ —o— Lewis acid base component "AB"
/k’.

[ electron acceptor parameter "+"
electron donator parameter "-"

40 4 7
%
o—o/'_l,%

/

30 .

20 4

Surface free energy v,,/ (MNm™)

foul. layer %3\\ DN N N

7
7
104 ./0/. 7
g 74
/ ’{,'
7
0 1l=o O O O O M O
< ¥ % 9 2 3 & ) o
[ 7] 7]
. E + B8 2 = D S
NE 1
3 g
S ?
o S

Figure 13. Energy related properties of various materials (Lewis
acid-base approach).

zero. However, such substances which are designated as
“monopolar” can strongly interact with bipolar materials,
and with monopolar materials of the opposite polarity.

Calcium sulphate hemihydrate CajSQHzO and di-
hydrate CaS@-2H,0 defined modifications of gypsum,
serving as the salt phase in fouling experiments, have
been examined with respect to wetting characteristics by
means of the Washburn method [18]. This method is es-
pecially suited for porous materials. Using the Dupré
equation [19] the interaction energy (index “132") be-
tween crystal “1” and heat transfer surface “2” immersed
in a liquid “3” may be described as

AGi32= AGTY%+ AGTS,
- 2[\/ YWy Sy Wy W[y
A (v e
+ Vs’v(\/y?v + \/E - \/E)

— i - \/val/;v]

(16)
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adhesive (index "1"):
--e-- calcium sulphate dihydrate
—g— calcium sulphate hemihydrate
- - fouling layer

Interaction energy AG,,,"" / (mNm™)
o

8 = metallic .l polymeric
0 ==="" 1
2 surfaces |  surfaces
-10 — — !
a < o o P <«
p— — > - 0 (7] _ w [ w
< m O 7] = = o o o o

Substrate (index "2")

Figure 14. Interaction energy AG'l-‘é"2 as a function of the system
adhesive/substrate.

yiv denotes the interfacial free energy between phase
i and vapour derived by the DSA measurement tech-
nigue. For the treatment of the fouling phenomenon it
is assumed that the physical properties of the surround-
ing phase are close to those of water. Thus, values of
v = 75V and y4B = y8 given in table V can be

deployed. Negative values @afG132 correspond to at-

tractive forces whereas positive values appear when re-

o
!

-10 4
-20 4
-30

-40 S

%01 \:2Y13

FEP PFA

Spreading coefficient A,, / (mNm™)

60 —

T T T T T T
160 150 200 250 300 350

Induction time t, ;/ h

Figure 15. Spreading coefficient versus induction time (Lewis
acid-base approach).

The deviation of the corresponding data points from
the regression curve can be explained taking also geomet-
ric surface properties into account. By means of a surface
texture measuring unit it was confirmed that the surface
topographies of the metallic heat transfer surfaces resem-
ble each other. Due to the production process a polymeric
surface tends to be more cleaved than metallic heat trans-
fer surfaces. Therefore, PFA and FEP have more critical

pulsive interactions between adhesive and substrate are fjays which serve as regions for preferred nucleation re-

predominat. Infigure 14 the Lifshitz—van der Waals
component ofAG132 is presented as a function of the
surface material of the substrate. In the diagram three
curves can be found according to three different ad-
hesives: CaS@-2H,0, CaSQ—%HZO and a fouling
layer.

From figure 14 the conclusion can be drawn that
the constitution of the crystal lattice of the adhesive
side of the fouling layer is close to calcium sulphate
hemihydrate since the corresponding interaction ener-
gies resemble each other. In contrast to metallic sur-
faces, for polymeric surface materials positive values
of AGYY, can be determined indicating that repulsive
Lifshitz—van der Waals forces are active. Because re-
pulsion can never be taken into account by the geo-
metric or harmonic mean method the Lewis acid-base
approach has to be favoured between materials which
tend to have high positive values of the interfacial en-
ergy when immersed in polar media. By means of equa-
tion (7) the spreading coefficient, can be determined.

In figure 15115 is presented as a function of the induc-
tion time #ng including data of the polymers FEP and
PFA.

ducingting. A more detailed discussion of the influence
of surface geometry can be found in [6].

The molecular interactions between DLC coated
surface and fouling layer Af = —16.9 mN-m™%;
tind > 475 h) can be described neither by the geometric/
harmonic mean methods nor by the Lewis acid—base the-
ory because interfacial interactions such as electrostatic
double layer forces are predominat.

As a conclusion, the wide-spread methods of Owens
and Wu should be taken when the difference between
geometric/harmonic mean and Lewis acid—base approach
may not appear terribly important, i.e. when under the
condition of monopolarityylAzB remains zero and no
severe repulsive interactions arise. For metallic surfaces,
the geometric and harmonic mean methods should be
favoured since they are still state of the art been used
frequently in many research areas for the combination of
wetting and adhesion. On the other hand, the Lewis acid—
base approach has to be applied whenever the repulsive
hydrophobic interactions become more significant as in
the case of the polymeric surface materials which have
been examined.
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