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Abstract

A laboratory study was carried out to explore the effect of solution hydrodynamics on the deposition of calcium
carbonate scale on Stainless Steel 316 and calcium sulfate scale on aluminum substrates using a rotating cylinder
electrode apparatus. The results of the study indicate a strong influence of solution hydrodynamics on the deposition
rate of these scales. Furthermore, the analysis of the data obtained in the study shows a good agreement with the
theoretical prediction of a diffusion controlled process. Morphological examinations of the deposited crystals
conducted on the exposed specimens by scanning electron microscopy revealed a variety of crystal shapes com-
prising: dendrites, sand-rose, half-moon, rhombic, hexagonal or prismatic needles/rods like crystals growing at
nucleating sites and branching out randomly over the substrates. Secondary growth on the already existing primary

crystals was also identified.
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1. Introduction

The hard and adherent substances deposited
from process fluids on various hot surfaces are
termed as scaling/fouling. These deposits pose
major problems for process industries worldwide
because of unpredictable failures and frequent
shutdown occurring because of scaling. The scale
deposits reduce the thermal efficiency of the heat
transfer equipment. Scale deposits in oil-produc-
ing wells, restrict flow through the tubing and
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drastically decrease oil production. The decrease
in thermal efficiency and/or loss of production
results in decline of revenues [1,2]. The syner-
gistic effect of scale and corrosion is an important
problem that the plant designers and operators
have to constantly battle with throughout the
whole life of the plant [3]. At relatively high
scaling rates, the hydrodynamics of fluid flow can
play a dominant role in the scale formation pro-
cess. Therefore, basic understanding of scale
formation is essential for effective control and a
scale mitigation program.
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To study scale deposition in the laboratory,
generally, open- (once through type) or closed-
flow loops (re-circulating type) [4-8] are em-
ployed to simulate actual practical situations
encountered in industry. These experiments are
laborious and time consuming usually requiring
long periods of rigorous monitoring along with
copious volumes of feed solution.

Alternatively, it is relatively easy to use
rotating cylinder electrode (RCE) or rotating disk
electrode (RDE) methods to study scale forma-
tion in the laboratory. These techniques are well-
established methods for studying Kinetics of
corrosion [9-13] and electro-deposition [14,15].
These techniques have been utilized for the study
of scale deposition [16-22] to a limited extent.

Neville et al. [19-21] studied the electro-
chemical aspects of surface/solution interactions
in CaCQO;, scale initiation, growth and inhibition
on a rotating disk electrode made from SS-316L
at different rotational speeds. Their technique
utilizes a well-known oxygen reduction electro-
chemical phenomenon at the RDE surface. They
showed that the presence of scaling on the
samples resulted in the reduction of electro-active
surface area and the corresponding electrochemi-
cal response. They demonstrated a good corre-
lation between the surface coverage predicted by
the proposed electrochemical technique and that
of the image analysis conducted on the surface of
scaled and clean samples. The technique appears
to be viable and promising in understanding the
mechanism of scale formation, assessment of
inhibitors and their interactions on the solid
surface.

Utilizing the technique proposed by Neville
[19-21], Chen et al. [22] investigated the CaCO,
scale formation and adhesion by monitoring sur-
face coverage of the specimens electrochemically
by oxygen reduction at the RDE surface made
from stainless steel under potentiostatic control in
three different scale forming solutions. They
found that the surface coverage depended on
adhesion of scale on the specimens which in turn

resulted in the reduction of electrochemical
response (current) considerably whereas the bulk
precipitation depended on the concentration of
ions in the solution. They concluded that the bulk
precipitation and adhesion on the surface are two
different processes and depend on supersaturation
indices of scale forming solutions.

The alkaline earth sulfates and carbonates
including calcium sulfate, strontium sulfate,
barium sulfate, and calcium carbonate are the
most commonly found scales in oil production
environments as was characterized by the ana-
lyses of actual scale samples obtained from the
Arabian Gulf region by Singh et al. [23].

In earlier works [16—18], we studied the depo-
sition of strontium sulfate, barium sulfate and
calcium sulfate scales by using a rotating cylinder
electrode made from SS-316 at various rotational
speeds. The present work further reports our
results developed in this study on calcium
carbonate and calcium sulfate scales that were
hydrodynamically deposited on AlSI SS-316 and
commercial-grade aluminum specimens utilizing
RCE equipment.

2. Experimental procedure

The schematic of an EG&G Princeton Applied
Research rotating cylinder electrode equipment,
test cell and experimental set-up used in the study
are shown in Fig. 1. Full details of the experi-
mental procedure, improvisation of the glass cell
and other information can be found elsewhere
[17,18].

The analytical reagents CaCl,, Na,SO,, and
Na,CO, were dissolved in deionized water to pro-
duce CaSO, and CaCO, scales by coprecipitation.
Gravity-assisted solution replenishment at a rate
of 1 to 1.5 L/h to the cell was made to ensure
constant availability of scale forming species to
the electrode surface. All experiments were con-
ducted at 60°C temperature and atmospheric
pressure for 6 h duration at various preset rota-
tional speeds (rpm).
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Fig. 1. Schematic of the experimental set-up of rotating
cylinder electrode equipment. M, motor to rotate speci-
men at a preset rpm; TCS, Teflon-coated shaft. TR,
Teflon ring; S, Cylindrical specimen; TC, Teflon cap;
WJ, Hot water jacket; WCB, Hot water circulation bath;
SS, Supersaturated solution.

Ananalytical laboratory balance with an accu-
racy of £0.1 mg was used to measure the weight
gain of scaled specimens after oven drying.

The error analysis of the data developed in the
study was accomplished by Engineering Equation
Solver (EES) computer software. The method for
calculating and performing the uncertainty and
error analyses was previously outlined [24].

The morphology of calcium carbonate and
calcium sulfate crystals was studied by using flat
coupons having dimensions of 20 mm by 8 mm
by 1.5 mm. The coupons were polished to 600
gritwith silicon carbide (SiC) paper. After polish-
ing, they were thoroughly degreased with acetone
and rinsed with distilled water. Duplicate speci-
mens were assembled in a Teflon holder that was

placed in the test cell where they were exposed to
the scale-forming solutions for 1 to 6 h.

After the tests, the coupons were retrieved,
rinsed with distilled water, dried in an oven and
preserved for scanning electron microscopy
(SEM) examination to study the morphology of
the hydrodynamically deposited crystals on the
substrate surface.

3. Results and discussion

The surface roughness texture of both 600 grit
polished SS-316 and aluminum specimens was
measured by a Bendix linear profiling system,
Model 5054. The average surface roughness (Ra)
value obtained for SS-316 was 55 W inch while it
was 82.5 W inch for aluminum. Aluminum, a soft
material, showed a comparatively higher value of
surface roughness than SS-316.

To produce CaCQO; scale we used CaCl, and
Na,CO, salts both at a rate of 0.0008 moles/L.
Thus, 0.888 g of CaCl, and 0.848 g of Na,CO,
were dissolved in deionized water to make 10 L
of total CaCO, scale-forming solution for an
experimental run. Similarly, for CaSO, scale,
CaCl, and Na,SO, were used at a constant con-
centration of 0.03 moles/L. Hence, 33.297 g of
CaCl, and 42.612 g of Na,SO, were utilized to
make 10 L of CaSO, scale-forming solution.

An induction period of around 50 min was
determined experimentally (deposition vs. time)
at fixed RPM of 500 for the CaSO, scale, while
for the CaCO, scale it was taken from an earlier
work [6] as about 70 min that was obtained under
similar solution concentration and surface finish.
The effective exposure duration during which the
measurable weight gain obtained by the analytical
balance was determined as the experiment time
minus the induction period. Therefore, the scaling
rates were calculated by dividing the weight of
scale obtained per unit area by the effective
exposure duration.

The deposition of sparingly soluble CaCO,
and CaSO, salts on Stainless Steel 316 and
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aluminum substrates was studied using a rotating
cylinder electrode system under simulated fluid
flow conditions at various preset rotational
speeds. The increase in the speed of rotation of
specimens, as well as mixing of solution, had a
strong impact on the rate of mass transport of
CaCO, and CaSQO, scales to the electrode surface
where they were adsorbed and finally deposited
on the surface of the specimens. This process of
adhesion of scale on the surface yielded a mea-
surable weight gain of RCE samples due to scale
formation.

An overall uncertainty error of £12% in the
scale deposition rate data generated in the study
was indicated by the Engineering Equation Solver
(EES) software. Further analysis of the data was
carried out to demonstrate the effect of solution
hydrodynamics at various Reynolds numbers that
were obtained corresponding to each selected
rotational speed using the procedure suggested by
Gabe [13] on the rate of deposition of calcium
carbonate and sulfate scales on the specimens.

The data thus developed in the present work
are summarized in Tables 1 and 2 for each type of
scale studied. The effect of the increasing Rey-
nolds number on the deposition rate of calcium
carbonate and sulfate scales is shown in Figs. 2
and 3. The results show that the deposition rate
increases linearly with the increase in the Rey-
nolds number as (Re)%® for these scales depo-
sited on the aluminumand SS-316 substrates. The
results are in agreement with earlier studies [7,8,
17,18].

The CaCl,, Na,SO, and Na,CO, reagents are
ionic compounds. Because we used a super-
saturated solution prepared from these salts, two
process were obvious upon mixing. These are:
firstly, precipitation of scale in the bulk of
solution due to chemical reaction between the
commingling species, and secondly, the adhesion
of scale on the surface. The precipitation will
continue as long as the ionic strength (active
ions—chemical potential) of solution is available
but the adherence of the scale on the surface of

Table 1

Effect of Reynolds number on the deposition rate of
CaCO, scale on Stainless Steel 316 (conc. = 0.0008
mole/L, temp.= 60°C, effective time = 4 h and 50 min)

Serial rpm  Equivalent CaCO, scale
no. Reynolds number  deposition rate
(g:m2h?)
Re (Re)*? SS 316

1 100 1,457 38.171  1.392

2 250 3,642 60.349 2.052

3 500 7,284 85.346  2.895

4 1000 14,567 120.694  4.262

5 1500 21,851 147.821  4.944

6 2000 29,135 170.690 6.127

7 2500 36,418 190.835  6.916

8 3000 43,702 200.050  7.431

Table 2

Effect of Reynolds number on the deposition rate of
CaSO, scale on aluminum (conc.= 0.03 mole/L, temp.=
60°C, effective time = 5 h and 10 min)

Serial rpm  Equivalent CaSO, scale
no. Reynolds number deposition rate
(g:m2h?)

Re (Re)*? Aluminum

1 100 1,457 38.171 15.805

2 250 3,642 60.349 34.267

3 500 7,284 85.346 46.730

4 750 10,928 104.537 58.106

5 1000 14,567 120.694 70.986

6 1250 18,213 134.956 74.161

7 1500 21,851 147.821 95.215

8 1750 25,498 159.681 75.783

9 2000 29,135 170.690 91.225

the sample depends on the surface binding energy
or activation/free energy of the metal. If the metal
has more affinity for the precipitated scale present
in the bulk of the solution, it will attract it more
and eventually result in increased deposition or
mass gain on the specimen(s). Therefore, the
solution replenishment arrangement adopted
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Fig. 2. Deposition rate of CaCO, on SS-316 as a function
of (Re)*2
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Fig. 3. Deposition rate of CaSO, on aluminum as a
function of (Re)2.

during the present work provided constantly the
required chemical potential for the formation of
scale from the solution.

We observed that the CaCO, scale was com-
pact and strongly adhering onto the SS-316
specimens, whilst the CaSO, scale was compara-
tively loosely adhering to the surface of the
aluminum and was fluffy as compared to the
adherence of CaCO, scale on the stainless steel
surface. Also the weight gain of CaCO, scale on
stainless steel specimens was less compared to
CaSO0, scale on aluminum specimens (Tables 1
and 2). The disparity is due to the difference in
their solubilities and therefore the concentrations
used. It is to be noted that the solubility of CaSO,
is higher than solubility of CaCO, [1].

Owing to the fluffy and loose adherence nature of
CaSO, scale (and its needle/rod-like growth
mechanism; see Morphology section), the current
experiments for CaSO, were limited up to 2000
rpm because breaking away of crystals/scale was
noticed at higher RPMs (i.e., those greater than
2000). In addition, the weight gain of CaSO,
scale obtained on aluminum is higher compared
to its weight gain on SS-316 [18] under identical
test conditions, which may be ascribed to the
greater affinity of aluminum toward CaSQO, scale
than SS-316.

The present scale deposition results were
obtained in the case of pure salts without any
external seeding or contamination. Seeding is
usually used to enhance the scale formation
process [25]. However, the presence of impurities
such as particulate matters, mixed salts, corrosion
products and biological mass, as well as surface
geometry and flow velocity, have significant
influence on the deposition behavior of scale on
the surface. The conjoint effect of these factors
may affect the overall growth rate of scale, and
under such conditions, the scaling/fouling rate
may be linear, a falling rate or asymptotic as
presented by Knudsen [26,27]. The asymptotic
behavior of scaling/fouling of heat exchange
equipment is observable when the rate of deposi-
tion and the rate of removal of scale is balanced
by the flowing fluid.

3.1. Diffusional mass transport

The rigorous mixing of a scale-forming solu-
tion demonstrated a strong effect on the rate of
mass transport of CaCO, and CaSQ, scales to the
electrode surface where it finally deposited on the
surface of the specimens. The present data
(Figs. 2 and 3) show that the CaCO, and CaSO,
scaling rate increases with (Re)®®, suggesting
further that the process is diffusion controlled.
According to Levich’s analysis [28], the mass
transfer coefficient should increase with (Re)°. If
so, the plot of {log (scale)} vs. {log(Reynolds
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Fig. 6. SEM micrographs showing general morphology of CaCO, crystals on SS-316 (a,b) and CaSO, crystals on aluminum
(c,d) substrates. (a) CaCO, crystals: rhombic/hexagonal, half-moon, sand-rose, flower and prismatic needles/rods,
(b) CaCO,crystals rhombic/hexagonal (close-up), (c) CaSO, crystals: prismatic needles/rods, (d) CaSO, crystals: prismatic
needles/rods with perpendicular growth (close-up).
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No.)} should give a straight line with a theoretical
slope of 0.5.

We plotted log(deposition rate) vs. log (Rey-
nolds number) for the data generated during the
current study. A straight line behavior is depicted
in Figs. 4 and 5 having slopes of 0.5 for CaCO,
scale on SS-316 and 0.56 for CaSO, scale on
aluminum, respectively. These slopes are in
agreement with the theoretically predicted value
of 0.5[28]. Hence, the present work demonstrates
and supports the diffusion controlled aspect of the
scale deposition process.

3.2. Morphology

The SEM examinations of CaCO, and CaSO,
scales, in general, exhibited a wide variety of
structural shapes of crystals consisting of dendrite
flower shape, sand-rose shape, half-moon shape,
rhombic, hexagonal, prismatic needle/rod or
plate-like growth. Plate-like or flat crystals per-
haps had been formed due to the coagulation of
prismatic rods, which then finally acquired sand-
rose and half-moon shapes upon conglomeration.
It was also observed during the examination that
the growth of CaCO, and CaSO, crystals initially
started at the nucleation sites on the substrate
surface and/or on the existing crystals and then
branched out randomly in all directions.

Fig. 6 presents some typical morphological
results of calcium carbonate and sulfate crystals
deposited on SS-316 and aluminum substrates.
The photomicrograph (Fig. 6a and b) shows
prismatic needles/rods, half-moon, sand-rose,
rhombic/hexagonal and flower shaped CaCO,
crystals on the surface of the SS-316 substrate.
Fig. 6¢ and 6d further present the morphology of
CaSO, scale, showing needle- and rhombic-
shaped crystals. Similar morphological results
were obtained in earlier studies for SrSO, [4],
BaSO, [17] and CaSO, [18] scale formation. The
micrographs however, further indicate the ran-
dom growth of secondary crystals emanating
from the already deposited primary crystals. The

subsequent crystals seem to have been growing at
preferential nucleation sites available on the sub-
strate or previously deposited scale crystals/layer.
The reason seems to be a random growth of the
subsequent crystallites in all directions on the
previously deposited scale crystals, i.e., a sort of
epitaxial growth, as revealed from the SEM
photomicrographs (Fig. 6), which in turn, pro-
motes the scale deposition process. In addition,
the perpendicular growth of CaCO; as well as
CaSO, crystals is also evident from these micro-
graphs. It is conjectured that these typical micro-
scopic structural shapes of CaCO, and CaSO,
crystals can be attributable to the hydrodynamic
effect of solution on micro-levels.

4. Conclusions

The data developed in the present study
demonstrate the significant role of solution
hydrodynamics on the scale deposition process.
The turbulent mixing generated due to the agita-
tion of the solution may be a major hydrodynamic
factor that promotes scale formation. This is
because the more active scale-forming species are
adsorbed on the surface which ultimately adhere
and deposit on the substrate. In addition, it also
provides the necessary activation/surface energy
that is manifested for the nucleation and/or
epitaxial growth of scale crystals. Furthermore,
this suggests that in order to control the excessive
scale build-up, avoidance of turbulence must be
exercised. Therefore, the hydrodynamic factor
must be a part and parcel of any scale prognostic
and control model.

The effect of rotational speed (fluid velocity)
on calcium carbonate and calcium sulfate scales
has been investigated in a rotating cylinder elec-
trode device, at atmospheric pressure and at
60°C. Within the range of experimental para-
meters explored during the present work for the
deposition of CaCO, and CaSO, scales resulting
from co-precipitation of pure salts, the following
conclusions have been made:
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» The solution hydrodynamics has a significant
role in scale deposition process; therefore, it
must be included in any scale prediction
model or water treatment program for scale
mitigation and control.

» A linear trend has been observed in the scale
deposition rate verses (Re)** in the present
work; however, in industrial situations, the
deposition may result in different behavior,
e.g., non-linear, asymptotic, etc.

» Analysis of the scale deposition data devel-
oped in the present work supports the well-
established theoretical prediction of a diffu-
sion controlled process.

 Inthe case of CaSO, formation, stainless steel
316 attracted less scale than aluminum under
identical test parameters.

» The SEM examination of CaCO, and CaSO,
scales revealed a variety of crystal shapes
comprising needles, prismatic rods, rhombic,
hexagonal, dendrites, sand-rose and half-moon
plates. In addition, the random and epitaxial
growth of secondary crystals on the primary
crystals was also observed.
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