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a b s t r a c t
A simple device to simulate circulating cooling water was used to study the dynamic reactions of two 
scale types. Water velocity, which ranged from 0.401 to 1.338 m/s, was adopted to study the effects 
on crystal size and interplanar spacing of adherent and non-adherent scale. The adherent scale was 
deposited on copper pipe surface. By using X-ray diffraction, the results suggest that the crystal size 
of calcite and aragonite in adherent scale increased by ca. 200–300 Å and 100–200 Å, respectively, 
when compared with that of corresponding non-adherent scale. As water velocity increased, the crys-
tal size of adherent scale increased, while the crystal size of non-adherent scale remained essentially 
unchanged. Analysis of the change of crystal size and mass fraction showed that stronger hydraulic 
force was needed to remove calcite, as compared with the removal of aragonite. The data also con-
firmed that the interplanar spacing of adherent scale was smaller than that of non-adherent scale, as a 
result of saturation and temperature. 
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1. Introduction

Buildup of scale encrusting the surface of heat 
exchangers is initiated by heating and decomposition of 
Ca(HCO3)2 in water. As a result, calcium carbonate (CaCO3) 
precipitates and eventually forms calcite and aragonite 
scale. Based on physics and chemistry, scale buildup can 
be divided into six categories: crystallization, particle 
formation, chemical reaction, corrosion, microbiological, 
and solidification fouling. The most common type of scale 
buildup in heat-exchange systems is crystallization  fouling 
formed from the crystallization of CaCO3 [1]. This is a 

complex physical and chemical process involving energy, 
mass, and momentum transfer.

Some recent reports have discussed the characteristics 
and effects of CaCO3 scale. Dalas and Koutsoukos [2] inves-
tigated the crystallization process of CaCO3 solution under 
a magnetic field exceeding 10 T, and revealed that a strong 
retardation is observed on the crystallization of calcite, and 
the rates of crystallization decreases with increase of field 
intensity. Both theoretical and experimental investigations 
indicated that the calcite/aragonite/vaterite ratio varies by 
changing the strength of the field and the flow rate of the 
water through the system [3]. The effect of permanent mag-
netic field on CaCO3 precipitation type and solubility were 
investigated and found that magnetic treatment increases 
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the total amount of precipitate and favors the homogeneous 
nucleation depending on water treatment: pH, water flow 
rate, and the residence time [4]. Recently, the effectiveness of 
electromagnetic fields was investigated in preventing CaCO3 
fouling in cooling water, and found that particle size became 
small and the crystal structure changed into loose style after 
the electromagnetic anti-fouling treatment [5]. When CaCO3 
crystals were treated in a 4.0 kV high-voltage electrostatic 
field, An et al. [6] discovered that the formation of aragonite 
is induced. Moreover, the combined effect of high voltage 
electrostatic and variable frequency pulsed electromagnetic 
fields on CaCO3 precipitation was studied both by exper-
imentally and theoretically, and suggested that this effect 
favors the appearance and growth of aragonite, and restrains 
its transition to calcite [7]. Lee [8] investigated water treated 
with an alternating electromagnetic field and revealed that 
the electromagnetic field contributes to larger crystal size 
and aragonite transformed from calcite is easily washed 
away. The effects of permanent magnetic field on CaCO3 scal-
ing of circulating water were reported and it was found that 
the existence of magnetic field increases the nucleation rate 
of CaCO3, and inhibits crystal particle growth [9]. Moreover, 
the effects on pipe material for CaCO3 precipitation were 
assessed by means of a precipitation test, and the pipe mate-
rials strongly influences the nucleation process of CaCO3 [10]. 
For CaCO3 scale, the inhibition effects of maleic anhydride 
copolymers as scale inhibitors in copper pipe were better 
than that in stainless steel [11]. Effects of different operating 
parameters on crystallization fouling of CaCO3 on a flat heat 
transfer surface were studied to find out their effects on con-
trolling fouling mechanism [12]. Then, the researchers have 
modeled CaCO3 crystallization fouling on a heat exchanger 
surface, and found that the effect of fluid velocity should be 
included in the model [13].

These reports confirm that (1) the formation of encrusta-
tion scale in solution is controlled by crystallization kinetics 
of nucleation and growth in relation to the degree of super-
saturation, ion type, temperature, pH, and physical and 
chemical properties of crystal surface; (2) the supersaturation 
or partial supersaturation of CaCO3 in solution is the precon-
dition for precipitation and crystallization of CaCO3; and (3) 

vaterite and aragonite are usually the first phase of precipita-
tion and crystallization.

During dynamic heat transfer, some CaCO3 crystals 
deposit on the surface of containers as adherent scale, while 
the rest are flushed away by water as non-adherent scale. 
However, few studies have reported on the morphology of 
adherent and non-adherent crystal scale, including crystal 
size and interplanar spacing. Moreover, recent studies have 
focused on the nucleation process of CaCO3, but ignored the 
dynamics of adherent and non-adherent scale formation. 
Therefore, in the present paper, an experimental device was 
developed to analyze the crystal morphologies of adherent 
and non-adherent scale by XRD.

2. Experimental setup

The experimental device and its working principles 
are shown in Fig. 1. Forced-convection heat transfer was 
adopted in this experiment. The nominal inner diameter 
of heat-exchange copper tubing is 25 mm, the nominal out 
diameter is 27 mm, and the effective heat-exchange length 
is 565 mm. The volume of circulating cooling water is 
0.161 m3. The diameter and height of the cooling tower are 
400 and 1,500 mm, respectively. A packing layer of poly-
hedral and hollow polypropylene spheres of Φ50 mm was 
placed in the tower. The axial flow ventilator operated at a 
rate of 4,000 m3/h. A sieve with pore diameter ≤38 μm was 
used to intercept non-adherent scale. The adherent scale 
sample was taken from the surface of heat-exchange copper 
tubes, while the non-adherent scale sample was taken from 
the sieve. 

The temperature of circulating cooling water was kept at 
30°C ± 0.5°C, and the heating temperature was set at 90°C ± 
0.5°C. Water quality is given in Table 1. The whole process 
was performed within 28 h. During the formation of scale 
in this experiment, the concentration of Ca2+ and HCO3

–
 

was decreased. In order to maintain a stable hardness and 
alkalinity of circulating cooling water, AR grade (99.9+ %) 
CaCl2 with a constant flow rate of 2.1 mmol / (L·h) and AR 
grade NaHCO3 with a constant flow rate of 2.3 mmol / (L·h) 
were used to compensate for the loss of Ca2+ and HCO3

–, 

Fig. 1. The experimental device, working principles, and process of scale formation.
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respectively. CaCl2 and NaHCO3 were produced by Tianjin 
Fengchuan Chemical Reagent Technologies Co., Ltd.

Four water velocities, including 0.401, 0.669, 0.870, and 
1.338 m/s, were implemented to observe the flow-dependent 
change of crystal morphology. Two parallel experiments 
were conducted for each water velocity.

3. Results and discussion

After the experiment, both adherent and non-adherent 
scale types were collected, respectively. The samples were 
put in a 105°C oven for 24 h to eliminate water and then 
ground in a mortar and sieved by a 200 mesh nylon sieve. 
Analysis was performed by X-ray diffractometer (D/MAX-
2500/PC, Rigaku, Japan). 

3.1. XRD results

Phase indentifying of experimental scale is shown in 
Fig. 2.

Generally, the peaks corresponding to (104), (018), and 
(116) crystal planes had relatively strong intensities, while 
intensity of the (104) plane was the strongest. Therefore, the 
(104) plane could be used to collect information about calcite. 
In the XRD spectrum of aragonite, (111), (021), and (221) crys-
tal planes had strong peak intensities. Since the (111) peak 
was the strongest, it was used to analyze aragonite crystals.

Table 1
Water quality

Water quality Value
Ca2+, mmol/L 6.21
Total hardness (H), mmol/L 7.58
Alkalinity (A), mmol/L 6.03
Cl–, mmol/L 8.91
Mg2+, mmol/L 1.37
Conductivity, μS/m 1,217
pH 7.23

Fig. 2. Phase identifying spectrum of experimental scale vs. different water velocity.
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Two parallel experiments were performed for each water 
velocity, XRD results of eight experiments are given in Table 2 
and show that aragonite and calcite are the main phases in 
encrustation scale. The strongest characteristic peaks of (111) 
and (104) appeared at 26.2° and 29.4°, corresponding to arago-
nite and calcite, respectively. Compared with adherent scale, 
the characteristic peaks of non-adherent scale shifted to lower 
angle side. The average offsets for aragonite and calcite were 
0.015° and 0.035°, respectively, which may have been caused 
by the increased interplanar spacing of non-adherent scale. 
This was also suggested by the previous experiment [9].

3.2. Change of crystal sizes

From XRD analysis, it could be clearly seen that the crys-
tal sizes of scale had changed. Dhkl stands for the crystal size 
perpendicular to crystal plane (hkl). The curves of D104 of 
calcite and D111 of aragonite vs. water velocity are given in 
Figs. 3 and 4, respectively. 

3.2.1. Differences of crystal size in adherent and 
non-adherent scale

In the process of circulation, the micrograins, which were 
flushed away by water, were observed in the sieve, forming 
the non-adherent scale. Because the sieve was immersed in 
the tower pond, in which the water temperature was kept 
in 30°C ± 0.5°C, crystal growth is slow, leading to a small 
crystal size of non-adherent scale. At high temperature (90°C 
± 0.5°C) of heat-exchanger wall, the solubility of CaCO3 is 
reduced and the water solution can be easily supersaturated, 
satisfying the necessary condition of crystallization. This 
maintains the stable crystal growth of adherent scales depos-
ited on the surface of copper tubes in the heat exchanger. 
Hence, the crystal size of adherent scale was generally larger 
than that of non-adherent scale.

During the recrystallization of CaCO3 solution, crystals 
gradually grew. After recrystallization, crystal growth nor-
mally develops under continual heating or thermal pres-
ervation. With interface curvature as the driving force, the 

Table 2
XRD results

v (m/s) Scale sample Phase hkl 2θ d (Å) I (%) D (Å)
0.401 Adherent Aragonite 111 26.199 3.3986 100.0 592

Calcite 104 29.402 3.0353 91.0 720
Non-adherent Aragonite 111 26.182 3.4009 24.9 584

Calcite 104 29.382 3.0373 100.0 764
0.401 Adherent Aragonite 111 26.199 3.3986 64.2 595

Calcite 104 29.419 3.0335 100.0 663
Non-adherent Aragonite 111 26.161 3.4034 32.2 562

Calcite 104 29.363 3.0392 100.0 753
0.669 Adherent Aragonite 111 26.181 3.4010 100.0 656

Calcite 104 29.400 3.0355 54.8 818
Non-adherent Aragonite 111 26.161 3.4036 24.3 590

Calcite 104 29.364 3.0391 100.0 759
0.669 Adherent Aragonite 111 26.201 3.3984 9.2 663

Calcite 104 29.419 3.0336 100.0 787
Non-adherent Aragonite 111 26.163 3.4033 28.9 595

Calcite 104 29.362 3.0393 100.0 733
0.870 Adherent Aragonite 111 26.184 3.4005 100.0 689

Calcite 104 29.403 3.0352 36.8 909
Non-adherent Aragonite 111 26.159 3.4037 23.8 619

Calcite 104 29.378 3.0377 100.0 677
0.870 Adherent Aragonite 111 26.199 3.3987 97.9 724

Calcite 104 29.418 3.0336 100.0 1,000
Non-adherent Aragonite 111 26.161 3.4035 17.6 581

Calcite 104 29.380 3.0375 100.0 805
1.338 Adherent Aragonite 111 26.177 3.4015 100.0 762

Calcite 104 29.414 3.0341 23.1 1,000
Non-adherent Aragonite 111 26.143 3.4059 13.1 599

Calcite 104 29.361 3.0395 100.0 720
1.338 Adherent Aragonite 111 26.159 3.4037 100.0 843

Calcite 104 29.378 3.0377 52.2 1,000
Non-adherent Aragonite 111 26.180 3.4011 8.9 636

Calcite 104 29.362 3.0393 100.0 725
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balanced growth of crystals is promoted. Within a certain 
temperature range, crystal size is roughly the same with lit-
tle fluctuation. However, as temperature rises, mean crys-
tal size increases, and crystal growth can be considered as 
an interface migration process whereby the interface cur-
vature propels the movement of bending interface toward 
the center of curvature to minimize energy. Therefore, it can 
be concluded that temperature affects the migration rate of 
crystal interface and that higher temperature causes greater 
migration rate of crystal interface, resulting in faster crys-
tal growth rates. This is in good agreement with previous 
results [14].

CaCO3 with smaller crystal size was easily washed away 
by water to form non-adherent scale, for both calcite and 
aragonite, while CaCO3 with larger crystal size tended to 
deposit on the surface of heat transfer to form adherent 
scale, also for both calcite and aragonite. Liu [15] has also 
found that microcrystals tended to form under an alternat-
ing electromagnetic field and were more apt to be washed 
away rather than deposited on the surface, thus showing 
anti-scale effect. 

3.2.2. Effect of water velocity on crystal size of adherent and 
non-adherent scale

From Table 2, it can be observed that the crystal size of 
adherent and non-adherent scale increased with increasing 
water velocity. The crystal size of calcite increased from 663 to 
≥1,000 Å, while the crystal size of aragonite increased from 592 
to 843 Å. However, the change of crystal size of non-adherent 
scale was not as remarkable. The crystal size of calcite was 
between 677 and 805 Å, while that of aragonite in non-adherent 
scale was between 562 and 636 Å showing a flat trend.

The above phenomena indicates that the smaller crystals 
of CaCO3 were easily flushed by water, resulting in the larger 
crystal size of adherent scale under increased water velocity 
and enhanced washing effect. On the other hand, non-adherent 
scale on the sieve grew slowly as a result of the constant tem-
perature, which produced a relatively uniform crystal size. 
Based on the relationship between water velocity and crystal 
size of adherent and non-adherent scale, it can be inferred that 
only CaCO3 crystal within an appropriate size range can form 
non-adherent scale. Otherwise, it will form adherent scale.

Fig. 3. Curves of D104 of calcite vs. water velocity.

Fig. 4. Curves of D111 of aragonite vs. water velocity.
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3.2.3. Stronger hydraulic conditions are needed to avoid 
calcite-type scale

For calcite-type scale, the crystal size of adherent scale 
was smaller than that of non-adherent scale when low water 
velocity of 0.401 m/s was used. When higher water velocities 
of 0.669, 0.870, and 1.338 m/s were adopted, the crystal size 
of adherent scale was larger than that of non-adherent scale 
by roughly 200 and 300 Å. For aragonite scale, adherent and 
non-adherent scale shared about the same crystal size range 
when a lower water velocity of 0.401 m/s was used. Higher 
water velocities between 0.669 and 1.338 m/s led to increased 
crystal size of adherent scale by about 100–200 Å, compared 
with non-adherent scale.

Several factors contribute to these changes. When water 
velocity was 0.401 m/s, water flushing had a weaker effect 
on the removal of calcite, allowing calcite with smaller crys-
tal size to deposit more easily on the surface of the heat 
exchanger to form adherent scale. Under these conditions, 
the crystal size of adherent scale was smaller than that of 
non-adherent scale. When water velocity was equal to or 
greater than 0.669 m/s, water flushing began to influence 
the deposition of calcite-type adherent scale, and the crystal 
size of adherent scale was larger than that of non-adherent 
scale. When all the considered water velocities were applied, 
water flushing had a remarkable effect on the prevention of 
aragonite-type scale. So, the crystal size of adherent scale 
was larger than that of non-adherent scale. It can be con-
cluded that water flushing can be used to remove both cal-
cite and aragonite scale. From Table 2, it is clearly to see that 
the crystal size of calcite is larger than that of aragonite at 
the same water velocity. Therefore, to remove calcite, higher 
water velocity and larger shearing stress are required. This 
agrees with that the shear forces at the wall may prevent 
the crystals to attach to the surface when the flow velocity 
is high [12]. 

Ferreux [16] found that a magnetic field could change 
the enthalpy of formation for CaCO3. The aragonite initially 
formed under a magnetic field had a needle-like shape and 
was difficult to deposit on the bottom of containers, allowing 
it to be washed away more easily by fluids. This further con-
firms the above-mentioned phenomenon. 

3.3. The change of interplanar spacing

The differences between adherent and non-adherent 
scale are manifested by crystal size and interplanar spacing. 
The d104 stands for interplanar spacing of the (104) plane in 
calcite, and d111 is the interplanar spacing of the (111) plane 
in aragonite. The curves of d104 of calcite and d111 of aragonite 
vs. water velocity are given in Figs. 5 and 6, respectively. 
As shown in these two figures, the interplanar spacing of 
both calcite and aragonite in non-adherent scale was larger 
than that of adherent scale. This may be explained by the 
theory of crystal growth [17], which proposes that super-
saturation is necessary for recrystallization in solution. The 
saturability of CaCO3 crystal at the point of recrystallization 
is defined as the critical supersaturation degree, which must 
be surpassed before the recrystallization of CaCO3. Degree 
of saturability (SR) is commonly used to denote the satura-
bility of a solution. For CaCO3 solution, the SR can be calcu-
lated by Eq. (1): 

SR Ca CO sp= ( ) ⋅ ( )( )+α α −2
3
2 / K   (1)

where α is activity, mol/L, and Ksp is solubility product, 
mol2/L2. 

It is assumed that the saturation point of CaCO3 solution 
has been reached when the SR is equal to 1. It is possible for 
CaCO3 crystals to crystallize when the SR is greater than 1, 
but this recrystallization process does not proceed instan-
taneously. Recrystallization will only be promoted at a SR 
larger than a certain value.

Previous studies have analyzed the change of precip-
itation rate of calcite and aragonite, giving a relative order 
of precipitation that depends on various values of tem-
perature and pressure [18–21]. According to the theory of 
homogeneous crystal formation, crystallization rate J can be 
expressed by Eq. (2):

J A
N V

R T
A m

2

= −










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 exp
 

SR3

β σ3

3 2(ln )
 (2)

Fig. 5. Curves of d104 of calcite vs. water velocity.

Fig. 6. Curves of d111 of aragonite vs. water velocity.
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where A is constant, β is lattice constants, σ is surface free 
energy, Vm is molecular volume, NA is Avogadro’s number, R 
is the gas constant, T is temperature, and SR is the degree of 
saturability.

At the surface of the heat exchanger, high temperatures 
cause high SR for CaCO3 solution. Based on Nielsen’s the-
ory [22], crystallization rate is greatly enhanced when the 
SR reaches a certain value, as noted above. Therefore, the 
crystallization rate of adherent scale on the surface of a heat 
exchanger is much higher than that on the sieve surface. As 
growth continues, some particles which were out of order 
begin to participate in the ordered arrangement in adher-
ent scale. As a result, more ordered structures in the crystal, 
stronger attractive force between particles in the lattice, and 
smaller interplanar spacing all occur.

During the initial growth period, non-adherent scale is 
carried away to the sieve by water flushing. At this point the 
relatively low temperature promotes a low SR of CaCO3 and 
a low crystallization rate. This decreases the amount of par-
ticles in the ordered crystal structure and the attraction force 
between particles, which leads to the increase of interplanar 
spacing. Therefore, it can be inferred that the interplanar 
spacing in adherent scale is smaller than that in non-adherent 
scale. 

4. Conclusions

CaCO3 with smaller crystal size is easily washed away 
by water to form non-adherent scale, while CaCO3 with 
larger crystal size tends to deposit on the surface of the heat 
exchanger to form adherent scale. Water flushing can remove 
calcite- and aragonite-type scale as non-adherent scale, and 
higher water velocity induced stronger hydraulic flushing, is 
necessary to remove calcite. Different values of SR, T, and σ 
of adherent and non-adherent scale cause the crystallization 
rate of adherent scale to be higher than that of non-adherent 
scale, which, in turn, decreases interplanar spacing in adher-
ent scale. 
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