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Abstract — The accumulation of unwanted crystalline deposits (fouling) reduces the efficiency of heat exchangers. In order to adjust
the operating conditions with respect to fouling mitigation a model for the description of the entire fouling process has to be
established. The main disadvantage of known models is the lack of a description of the induction period which is influenced by the
nucleation rate and the adhesive strength between crystals and heat transfer surfaces. The deposition and removal process depends
on the interfacial free energy crystal/heat transfer surface. For many industrial applications the only possibility to influence the
interfacial free energy is to modify the surface energy characteristics of the heat transfer surface, i.e. its surface free energy. Based
on the experimental investigation of the surface energy of several metallic and low energy materials their fouling performance when
exposed to a liquid flow of a calcium sulphate solution was evaluated. The deployment of new surface materials such as DLC (diamond
like carbon) coatings proved to be a strategy to increase the induction period. 0 1999 Editions scientifiques et médicales Elsevier SAS

fouling / heat transfer surface / crystallisation / nucleation / deposition / removal / induction period / interfacial free
energy / new surface materials / adhesion

Résumé —Influence de I'énergie libre interfaciale cristal/surface de transfert thermique sur la période d’induction de
I’encrassement. La formation de couches cristallines (encrassement) diminue I'efficacité des échangeurs. Afin de fonctionner dans
de conditions telles que la formation de couches cristallines soit réduite, il est tout d’abord nécessaire de développer un modéle de
calcul de toutes les étapes du processus d’encrassement. L’'inconvénient des modeles de calcul connus réside dans le fait qu’ils ne
prennent pas en considération la phase d’induction. Cette phase importante dépend de la fréquence de formation des germes et des
forces d’adhésion entre la couche cristalline et la surface de I’échangeur. Les deux mécanismes de dépot et d’érosion dépendent de
I’énergie interfaciale entre la couche cristalline et la surface de I’échangeur. Dans de nombreuses applications industrielles, la seule
possibilité pour agir sur cette énergie interfaciale consiste a modifier les caractéristiques énergétiques de la surface de I’échangeur,
c’est-a-dire son énergie de surface. En nous appuyant sur des études expérimentales concernant I’énergie de surface, nous avons
analysé le comportement de la surface de I’échangeur lors d’une expérience d’encrassement avec une solution aqueuse de CaSO,.
L’utilisation de nouveaux matériaux de surface, tels que le DLC (diamond-like carbon), permet de prolonger la phase d’induction.
0 1999 Editions scientifiques et médicales Elsevier SAS

encrassement / surface d’échangeur / cristallisation / formation de germes / dépot / érosion / phase d’induction / énergie
libre interfaciale / nouveaux matériaux de surface / adhésion
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Greek symbols

coefficient and, therefore, reduces the efficiency of the
heat transfer unit [1]. According to Bott [2], several foul-

5; g?fgcizggsffgtg?em'em """" o in_g_ costs have to be considered when evaluating _th_e ad-
vi; interfacial free energy between two d!tlonal expenses cause(_j by the decrease of efﬁmency.
Y di ¢ bhasgsand 7 Nm-1 First of all increased capital investment, e.g., due to in-
. 3yjna;cn‘i?c \F/)isiz::;n .J ''''''''''''''''' m Pa tentional overdimensioning of the heat trgnsfer area in

5 thermal conductivity . . . . . . . . . -1k -1 order to make allowance for potential fouling, has to be

i B taken into account. Second, an increase in pressure drop
© tmeconstant . .. .......... s and thermal resistance due to the scaling process leads to
0 Cont"’_‘Ct angle ... geg additional operating costs. In order to restore the liquid
podensity ................ kg™ flow and the effectiveness of the heat exchanger frequent
o shearstrength . ............ N2 cleaning phases have to be carried out. This leads to in-
t  wallshearstress . .......... N2 creased costs due to the loss of production and remedial
¢ adhesivestrength . .......... N2 action. These parts of the overall fouling cost represent

Superscripts and subscripts

0 clean surface

¢ crystalline

crit critical

d deposition

dis dispersive

e end

F  fluid

f fouling layer
geo geometric

het heterogeneous
hom homogeneous
ind induction period

just an selection of all possible expenses caused by pre-
cipitation fouling. In a very intensive study Garret-Price
et al. [3] estimate the annual cost of fouling and corro-
sion for the US industry to be $3-10 billion. This cost
estimation emphasises the need to face the problem of
fouling. Favourable operating conditions in order to mit-
igate fouling can only be chosen based on an appropriate
physical model. The establishment of such a model de-
scribing both the induction and fouling periofiglure 1)

is one of the major objectives of fouling research work.
The decrease of efficiency due to scale formation can be
characterised by means of the fouling resistaReele-
fined by the equation

I liquid 1 1

max maximum Rt = k ko (1)
pol polar

r  removal whereks is the overall heat transfer coefficient for the

S  saturation

s solid surface
% volume

w wall

/ modified

Abbreviations

CCD  charge coupled device
CVD  chemical vapour deposition
DLC  diamond-like carbon

DSA  drop shape analysis

fouled andkg for the clean heat transfer surface.

Figure 1 shows the measured fouling resistarnke
versus time for a typical test. During the fouling process

o measured fouling resistance

Fouling resistance R,/ (10° m*KW™)

PMMA polymethylmethacrylate 14 Te= 42°°C
PTFE polytetrafluor ethylene T,=75°C
w=0.25 m/s
c.=25g/
1. INTRODUCTION induction fouling period N
1 period \
The accumulation of crystalline deposits on heat trans- 0 50 t o0 150 200 250 300 350
nd Timet/h

fer surfaces is usually referred to as fouling. Due to the

inSUIating effect of a fOU”ng Iayer the presence of these Figure 1. Fouling resistance versus time for an aqueous CaSO,4
scalings causes a decrease in the overall heat transfer solution as the liquid phase (surface material: stainless steel).
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Cr

two periods of time can be identified. In the first period ‘, 1
the formation of stable crystalline nuclei and their con- AC  Ac
cretion to a compact fouling layer take place. This pe- ‘ ‘ saltions o CrVSg'S o fuid phase
riod is called the “induction period”. In the succeeding ‘ ‘ e
“f . PR X | ' w—> d / stagnant film
ouling period” a decrease of the overall heat transfer : e
. . N TR R ROK X TR K X R adenintinn lAer <
coefficient due to scale formation can be measured. Re- K S SRS TSI adsorolion layer <
¢ C fouling layer

cent approaches to describe the entire fouling process
mainly concentrate on the investigation of the fouling pe-
riod (e.g., [4—6]). The important induction periagy is
quite often neglected, although this period represents a Figure 2. Deposition and removal during the fouling period.
remarkable potential to mitigate fouling.

/.~~~ heat transfer surface

S S S

Areal/ Ageo = 1.95. The assumption of a second order
chemical reaction witlh = 2 leads to satisfactory results

2. FOULING PERIOD in describing reality. Combining equations (3) and (4)
gives:
During the fouling period both the deposition and the . 1/8
removal process have to be taken into accofigtie 2. md = p > <k_/) + (cr —cs)
The relationship between these two processes and the R
fouling resistancek; is given by 1/ 8 2 B
dR . - Z(k_’> + <k—,)(6|:—cs):| (5)
. . R R
T @

whereis is the thermal conductivity ang the density of
the fouling layermg andm, are the mass deposition and
removal rates.

2.2. Removal process

The fouling layer on the heat transfer surface is
exposed to a wall shear stresdue to the liquid flow. For

2.1. Deposition process the characterisation of the removal process, Bohnet [10]
suggests:
Berthoud [7] and Valeton [8] assume that the deposi- ] ng 1/3 of
tion process characterised by the mass depositiomigte my = C1<?> ;ff (6)

consists of two stages. A diffusion process of the salt ions _ i _ . .
to the solid is followed by a chemical reaction in the ad- Wherer is the viscosity and the density of the fluid
sorption layer when the ions arrange themselves into the Phase. The ratio of the density to the shear strength of the
crystal lattice. The equations to describe these two stages d€POSitor /ot is a function of the thickness of the fouling

may be written as layer. Hirsch [9] identified the constart; = 2.75- 1(?*3.
Furthermore, he provided an equation to substitute the
mg=B(ce—cf) (diffusion) 3) unknown expressiops /ot in equation (6) by
. Areal
mg = kr(ct — cg)" Pt d(pi/of)
= _ Ay 7
Ageo ot d.Xf Xt ( )

=kg(ct —cs)" (chemical reaction)  (4) _
. . The shear gradient
where g is the mass transfer coefficient akd the rate

constant for the surface reaction. Accordinditiure 2 ddex/o1)

cr andcs are the concentrations in the bulk and at the tran- Chxt

sition to the adsorption layer, respectively, whereas depends on the operating conditions of the heat ex-
the saturation concentration. Hirsch [9] introduced a geo- changer.

metric correction factoAeal/ Ageo Since the real surface Using equations (5) and (6) and the relationship

of a fouling layer is always larger than the correspond- hetween mass per unit arem and fouling resistance:
ing geometric surface. The average value of the correc-

tion factor was derived from numerous experiments, i.e. mi = pixi = pirs Ri (8)
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o measured fouling resistance

predicted fouling resistance

liquid system: CaSO,-solution

w=0.1 m/s
c. =279/

Fouling resistance R,/ (10° m*KW™)

T T T T T T T
200 250 300 350 400 450

Time t/h

——
100 150

Figure 3. Comparison of measured and predicted fouling
resistance as a function of time.

equation (2) can be rearranged to give the following form:

de_ 1

. ng
dr [md Cl( p)

a2k

Y3d(pt/or)

R
o TAf fj| 9

Integrating equation (9) yields the model equation to
describe the fouling period:

Ri = Rf[1— e @ ~nd)] (10)
with
rg
F = 11
"7 C1(ng/p)Y3(d(pr /ot) /dxe) T s (D)
and
1/3
o C( ) d(pt/ot) T (12)
o Cdw

In figure 3 the measured fouling resistance for a CaSO
solution is compared to predicted data derived by means
of the model equation. It can be seen that the predicted
fouling resistance is in good agreement with reality.

3. INDUCTION PERIOD

Since appropriate models to describe the fouling
period are already available, one of the main objectives
of fouling research work is the detailed investigation of
the induction period in order to define a model able
to describe the entire fouling process. For industrial
applications the duration ofng should be as long as
possible. Similar to the fouling period the induction

y fluid phase

w—

salt ions ¢
o

laminar boundary layer

7 heat transfer surface

Figure 4. Deposition and removal during the induction period.

%
solution (Index "I")
- 751 % nucleus (Index "c")

/S / / S/ ///// /// //// S
//// >g( / //////////// //"/“/
/// ///// // // ‘heat transfer surface (Index s)

/ /7/SC////////’/////////// S

Figure 5. Interfacial free energies at the boundaries between
three phases.

The induction period is mainly influenced by free
interfacial energies. Since the interfacial zone of two
bulk phases in contact is non-homogeneous, a pressure
gradient perpendicular to the interfacial boundary is
observed. The pressure in a bulk phase is homogeneous
and isotropic. Therefore, no net energy is expended in
reversibly transporting matter within a bulk phase. On the
other hand, a net energy is required to create an interface
by transporting the matter from the bulk phase to the
interfacial region [11]. The reversible work to create an
unit interfacial surface area is the interfacial free energy,

that is:
(3G
Vl(/ - 9A -

wherey;; is the interfacial free energy at the interface
of the phase$ and j, G the Gibbs free energy of the
total system,A the interfacial areal the temperature
and p the pressure. Considering fluid/fluid interfaces the
interfacial free energy and the interfacial tension are
equal. Analogous to wetting theoridéigure 5 shows a
nucleus crystallised on a solid heat transfer surface during
the initiation stage of the fouling process. In this case
the three phases are two solids (heat transfer surface and
crystal) and a liquid (salt solution) [12].

(13)

Figure 5 represents the thermodynamic equilibrium
by means of the angle of contagtbetween the crys-
talline deposit and the solid heat transfer surface. This
contact angle corresponds to the angle of wetting in lig-
uid/solid/vapour systems. The three interfacial free ener-
gies are denoteg (between heat transfer surface s and
liquid solution 1), ysc (between heat transfer surface and

period also consists of a deposition and a removal process crystal nucleus c¢) angl (between crystal nucleus and

(figure 9.

liquid solution). Resolving the interfacial free energies in
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a horizontal direction leads to the Young equation: betweenAGQr‘{tm andrgit can be written as

Vsl = Ysc+ Vel COSO (14) 16 yc2lv2

3 el (/e )

4
h 2
AG"'= 37T Vel Grit =

3.1.D iti wherekg is the Boltzmann constant and v is the mole-
-1. Deposition process cular volume. As the presence of a heat transfer surface

favours nucleation the critical excess free enetgy 9™

The homogeneous n_UCleation WlthOUt regard for the is |arger thamcgﬁgi the Corresponding excess free en-
heat transfer surface is characterised by the overall ergy associated with heterogeneous nucleation. Thus,
excess free energf G"°™ of the system. Mullin [13]

presents a detailed description of both homogeneous and AGQS{ = ¢AG23{“ (16)
heterogeneous nucleation. Under certain circumstances
AGM™ only consists of a negative componeAGy, where the correction factas is less than unity. Volmer

i.e. the excess free energy which is released when the [14] provides an equation to calculagei.e.
formation of the volume of the new crystalline phase

takes place, and of a positive compones, i.e. the (24 cosd) (1 — cosh)?

excess free energy which is absorbed for the generation ¢= 4 17

of the new interface. The sum of both components,

andAGs leads toAG"°™ as a function of the size of the Based on the Arrhenius reaction velocity equation the

nucleus (figure 6). relationship between the critical number of nuclei formed
AGM™(r) passes through a critical maximtﬂerQﬁ{” per unit time and unit volumg"et (rate of nucleation) can

corresponding to the critical nucleus sizgi. The for- be written:

mation of critical nuclei is favoured sinc@GQﬁt‘“ corre- het

sponds to a maximum energy decrease. The relationship Jhet _ Cy exp(— crit) (18)

ksT

Under certain circumstances the rate of nucleation
Jetis directly proportional to the mass deposition
rate mg within the induction period. Hence, the use of
equations (15)—(18) leads to

hom

. 16m yav? }
md = Ca eXp[ 973 k3T3In2(c/cs) (19)
Equation (19) provides a relationship between the mass
deposition ratezq and the correction factar. According
to equation (17) this factor is a function of the equilibrium
contact angl@ only. Using the Young equation (14) it is
obvious that the variation of the interfacial free energy
ysl IS one way to modifyimg since yg is fixed (for a
given liquid system) and bothsc and 6 result from
the thermodynamic equilibrium. Therefore, for given
operating conditions and physical properties of the liquid,
one way to mitigate precipitation fouling during the
induction period is to modify the surface characteristics,
e.g., the energy related properties of the heat transfer
surface. Because the interfacial free energys directly

Size of nucleus  ———= influenced by the surface free energy, of the heat
Figure 6. Free energy diagram for homogeneous nucle- transfer surface the choice of the surface material has a
ation [12]. crucial effect on the deposition process.

o

Freeenergy AG
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3.2. Removal process

The crystals growing on the heat transfer surface are
exposed to the wall shear stressaused by the liquid
flow:

T = Capw? (20)

The wall shear stress interacts with the adhesive
strength¢ between the crystalline deposit and the heat
transfer surface. For optimisation of the efficiency of heat
transfer unitg has to be minimized. Dyckerhoff [15] ex-
plored the dependence of the surface free engggyf

the substrate on the adhesion substrate/adhesive. Accord-

ing to figure 7, the adhesive strength between a lacquer
and polyurethane has been measured.

The two surface free energies are denojged (of
the polymer used as substrate) gngd (of the hardened
lacquer used as adhesive). Accordingfigure 7, the
adhesive strengtlh has a maximum when the surface
free energy of the adhesive is equal to that of the sub-

strate, i.e. when the interfacial energy adhesive/substrate

has a minimum. This fact stands in contradiction to the
thesis that improving wettability by means of increas-
ing ysv always increases. Transferring these facts to
the fouling phenomenon leads to the conclusion that
the surface free energy of the heat transfer surface
has to become a minimum taking also the nucleation
rate associated with the deposition process into con-
sideration which decreases when using low-energy sur-
faces. For the investigation of low energy surfaces see
also [16].

Since the surface free energy, has a crucial influ-

ence on both the deposition and removal process, the sur-

face energy characteristics of several surface materials

t 100 T T T T

« * °

=

=z

S °

= 50r

o

g A\

w

<

‘n

g 0 a ——a—a L .

< 15 20 25 30 35 40 45 50
Surface free energy ¥,/(10Nm™) —=

Figure 7. Adhesive strength polyurethane/lacquer (py

= 375 mN-m~1) versus surface free energy of the sub-
strate [15].

and their performance in real fouling test runs have been
examined.

4. EXAMINATION OF SURFACE
CHARACTERISTICS

The surface free energyy of the heat transfer surface
is examined by wetting experiments. The method uses
droplets of several test liquids resting on the surface.
After the contact angle has been measuyigaf the solid
substrate can be calculatédcan been determined with
a DSA (drop shape analysis) measurement device. The
arrangement of the optical measurement device is given
in figure 8

The image of the droplet resting on the solid sub-
strate is digitised by means of a CCD-camera and a data
processing system. A commercial program helps to mea-
sure the dynamic contact angleand to evaluate the sur-
face free energysy. In order to calculates, the Young
equation (14) can be employed:

Ysv = Ysl + Vv COSH (21)
where now the interfacial energies of the phase bound-
aries in contact correspond to a solid (index “s”), liquid
(index “I") and vapour (index “v") system. According to
Fowkes [17], the total interfacial free energy of the inter-
face between two bulk phasesandj can be subdivided
into a fluctuating dispersive componeyr,.‘iﬁs and a perma-

nent polar componemi’;o'. Assuming that the physical

properties of the liquids, i.e,°"' and 'S, are accessi-

ble, the only unknown parameter to determjf¥' and
ysd\}s, after having measured the contact angle, is the in-
terfacial free energy between solid substrate and liquid
dropletys). Thetable | shows three different approaches

to describeys).

The geometric-mean method according to equa-
tion (22) is frequently used to substitutg in the Young
equation (21). Rearranging the latter equation a linear re-
lationship between a- and y-value can be derived, de-

L]
QI

source of light CCD - camera

sessile drop data processing

system

Figure 8. Experimental arrangement of the DSA measurement
device.
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TABLE |
Methods for calculating the interfacial free energy yg [11].
Field of application Equation
Yov+ My — <\/ )/d's)/ﬂ's + \/ ye,O'y,SO') geometric-mean method for non-polar surfaces (22)
yd|sydls ]/svaIJ/pOI
vovt v — 4 = M e ool v 5o harmonic-mean method for low-energy surfaces (23)
NS A+ v
pol_ pol
ydis dis Ysv Vv . )
Ysvt+ v — 2/ VS Vv 4m geometric—harmonic-mean method for (24)
Ysv. + Vv hiah
gh-energy surfaces
10 - 60
9 e measured by means of wetting experiments . _
5] regression line % 50 - polar component
\ 2] T [ ] dispersive component
6+ Z _
Vv (1+COS 0) 5 Ethylene glyc.cl Glycerin 5 40
2 dis 1-Bromonaphtelene * " > T
Ty 4 e, Water 8 30
3 | Methylene iodide ~ Formamide o
2] 3
© 20
1] Q
R= _
0 N @
—T T —T T T T T T T [} 10 —
0 02 04 06 08 1.0 12 14 16 18 20 ‘(:0
pol =] -
ylv —— n
i 0 PTFE  DLCI DLCI aluminium stainless copper

Figure 9. Regression analysis for the determination of the
surface energy characteristics of a PTFE-coated heat transfer
surface.

pending on the known physical properties of the test lig-
uid and the measured contact angle:

1+ cost /

Vv ( = ) _ d|s+ sR/O Vhéls (25)
2 VIVIS

—_—

y

Each test liquid used in a wetting experiment yields
one data point in a diagram according figure 9
Based on a linear regression the polar and dispersive
components ofysy of the heat transfer surface can be
determined. The accuracy of this graphical method is
improved with an increasing amount of test liquids.
In figure 9 six test liquids have been used to exam-
ine the energy related surface properties of a steel
heat transfer surface coated with PTFE (polytetrafluo-
rethylene).

950

steel

Figure 10. Surface free energies of several surface materials.

The regression analysis gived = 0.44 mNm-1
andydis = 14,12 mNm~L. The sum of these two com-
ponents leads to the total surface free energy of the
heat transfer surfacgy, = 1456 mN-m~L. Applying the
geometric-mean method [equation (22)] to evaluate the
energy, characteristics of heat transfer surfaces results,
according tofigure 1Q are obtained. In this diagram
DLC stands for diamond-like carbon coatings produced
in a chemical vapour deposition (CVD) process, DLC |
and DLC Il for special modifications of their structural
constitution. The DLC-coatings have been developed and
produced by the Fraunhofer Institute for Thin Films
and Surface Engineering (Braunschweig, Germany), see
also [18, 19].

As previously mentioned, the deposition process of
the induction period is favoured whem, of the heat
transfer surface is reduced by the choice of appropriate
surface materials. Since PTFE has the lowest value of sur-
face free energy, a long induction period can be expected.
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On the other hand, several disadvantages of this low- 5. FOULING EXPERIMENTS
energy surface material have to be taken into account. In
order to meet wear requirements polymer coatings must
have a minimum layer thickness. This implies a reduced
efficiency due to the low coefficient of thermal conduc-
tivity of PTFE. Another crucial disadvantage is the low
temperature stability of polymers (PTFEpax ~ 525 K).

An interesting alternative is the deployment of DLC-
coatings. Better abrasion characteristics and temperature
stability of these new surfaces compared to polymers
while still a low surface energy can be realised have to be
opposed to increased production cost. Besides the exam-
ination of the energy related characteristics of the inter-
esting heat transfer surfaces, the adhesion phenomenon
has to be explored in order to receive information on the
removal process within induction period. Deposits of cal-
cium sulphate are produced upon substrates to be char-
acterised. With the help of a ring shear device the ad-
hesive strength between the test cylinders and the solid
substrates can be determinedfijure 11test results of
adhesive strength measurements with two water—gypsum

ratios (WGR) for particular substrate materials are pre-
sented. Figure 14provides the fouling resistance versus time

as a function of the temperature for a heat transfer
surface made of stainless steel. It is obvious that the
duration of the induction period is increased by low
wall temperaturedy, since the nucleation process using
salt solutions of inverse solubility is favoured by high
temperatures. For the fouling experiments the initial wall
temperature i, = 75°C. An increase of flow velocity
corresponds to higher shear forces acting on the crystals

Figure 12is a schematic diagram of the experimental
unit used for fouling experiments.

The filter avoids sedimentation of particles and sec-
ondary nucleation in the test sections since seed par-
ticles can influence nucleation behaviour considerably.
The heat exchanger guarantees a constant inlet temper-
ature to the test sections. The first and second test sec-
tion consist of annular test tubes used for reference mea-
surements. The third test section includes a plate heat
exchanger suited for easy replacement of its heat trans-
fer surface when different materials have to be analysed
with respect to their fouling performance. According to
figure 13the surface is heated by three rod heaters. The
temperature of the test surface is measured using six ther-
mocouples in order to determine the fouling resistance.
The wall of the test section contains a transparent sec-
tion made of PMMA for the observation of the fouling
process, especially of the induction period. This helps to
identify regions where preferential nucleation occurs.

By means of a surface texture measuring unit it was
confirmed that the surface topographies of the surfaces
discussed above resemble each other. Hence, the influ-
ence of surface texture could be eliminated for analysis of
the experimental results givenfigure 11 Since the aver-
age adhesive strength between Ca$@posits and heat
transfer surfaces coated with DLC is much lower than
the corresponding average value for metallic surfaces, a
significantly longer induction period for heat transfer sur-
faces treated in a CVD process can be expected.

cooling water ®

salt solution
storage tank
&

45m%h

100 A

3

80 4 WGR=0.8

o]

60

504 - - P . T

40

7 a DLCI
20 )
WGR=0 6 e Stainless steel

Cummulative frequency / %

10 o Copper

0 |

T T
0 0.004 0.008 0.5 1.0 1.5 2.0 2.5

Adhesive strength C / Nmm?

Figure 11. Frequency distribution curves of the adhesive
strength between crystalline deposits (CaSO4) and particular i . .
solids. Figure 12. Flow sheet of the experimental unit.
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Figure 13. Plate heat exchanger.
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=88°C, t
=75°C, t
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=130h
=225h

nd,2

nd.3

salt concentration ¢ = 2.5 g/I
flow velocity w = 0.2 m/s
surface material: stainless steel
liquid system: CaSO ,-solution

Figure 14. Influence of the operating conditions on the

induction period.

resulting in an increase of induction time. In order to
avoid a long duration of fouling experiments the flow
velocity has been fixed taw = 0.2 m-s~1, giving an

induction period ofting = 130 h for a test surface made

952
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nd,3

Time t/h

335

15
%_ position of thermocouples
test surface

&

of stainless steel. All experiments have been performed
using an aqueous calcium sulphate solution.

Figure 15 shows results of fouling test runs for
several metallic surfaces. The induction period for a
surface made of copperify.1 = 30.5 h) is lower than
for a surface made of stainless steghd(z = 130 h)
since the average adhesive strength between crystals of
calcium sulphate and the stainless steel surface is always
lower than the corresponding value for a copper surface
(figure 17). According tofigure 1Q copper has the largest
surface free energysy of all materials which have been
examined. This fact favours both the rate of nucleation
and the adhesive strength crystal/heat exchanger surface.
Once a compact crystalline deposit has formed on the
heat transfer surface the influence of surface material
decreases. The fouling curve derived when inserting
a test surface made of aluminium gives an induction
period (ing.2 = 48 h) lower than a steel surface despite
its lower surface free energy according figure 10
This can be explained when examining the aluminium
surface after exposition to the liquid flow of a calcium
sulphate solution. The corrosion of this metallic surface,
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Figure 15. Fouling resistance versus time for metallic heat
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Figure 16. Fouling resistance versus time for low energy heat
transfer surfaces. perature increase at the interface coating/scaling. Thus,
it can be concluded that low-energy surfaces made of a
polymer are not well suited for heat exchangers exposed
to liquid salt solutions of inverse solubility, at least for
the geometric boundary constraints and operating condi-
tions that have been examined. In contrast, the insertion
of DLC surface materials in the test section results in an
induction period that is much more significant. In spite of
decreasing the flow velocity to 40 % of the corresponding
value for the polymer and metallic surfacesdecreases

i.e. the deterioration and loss of surface material due to a
chemical surface reaction, implies a variation of surface
energy.

In figure 16the results of the measured fouling resis-
tance as a function of time for low-energy surfaces are
accumulated. The fouling curve for the stainless steel sur-
face is added for comparison. The deployment of a poly-
mer surface coating demands a minimal thickness of the > _ ! {
coating (here: 2Qum) because the thermal resistance of con5|dera_bly), no increase in the thermal resistance due
the organic film is high. The requirement of a minimal to crystalline dep05|t§ can k_Je measured after ates’g run of
layer thickness results in an inhomogeneous texture of More than 425 h. This indicates that the system is still
the surface coating due to the production process causing Within the induction period.
regions for preferential nucleation. Once a fouling layer Figure 17 shows the uncoated heating element after
has grown on the polymer surface under a constant heat a 450 h-test run (surface material: stainless steel). On
flux, the PTFE material is destroyed because of the tem- the test surface a fouling layer of a thickness of several
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millimetres can be observedigure 18 represents the

surface conditions for the DLC-coated steel surface.
After 450 h, no crystalline clusters can be detected on

the low-energy surface.

6. CONCLUSIONS AND FUTURE WORK

The lack of an appropriate model to describe the in-
duction period of the fouling process on heat transfer
surfaces motivates the exploration of deposition and re-
moval mechanisms. Both mechanisms are influenced by
the surface free energy of the solid heat transfer surface.
Since the duration of the induction period decreases with
high-energy surfaces, the main interest concerning indus-
trial applications is to produce low-energy surfaces. This
would help to reduce both the nucleation rate and ad-
hesive strength between crystals and the particular heat
transfer surface. Hence, the duration of the induction pe-
riod could be increased resulting in reduced fouling cost.
Since the application of low-energy polymer coatings on
common heat transfer surface materials has several dis-
advantages, the deployment of low-energy DLC-coatings
produced in a chemical vapour deposition process is an
interesting alternative. With the help of an experimental
unit it has been shown on the basis of test runs with a cal-
cium sulphate solution that the use of such DLC-coatings
results in a significantly long induction period. For the
prediction of the initiation stage of the fouling process the
energy-related surface characteristics of the correspond-
ing surface materials have to be determined. Future work
should concentrate on the establishment of an appropriate
model to describe both the induction and fouling period.
Besides the energy-related properties of the heat transfer
surface, its geometric features can also influence the de-
position and removal mechanism of the induction period
since smoothing effects of the original surface texture
of the corresponding substrate when using thin coatings
could also result in an increased length of the induction
period. Thus, the effect of surface texture on the induc-
tion period has to be taken into account when a model is

developed.
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