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a b s t r a c t
The object of this study is to study the characteristics of CaCO3 fouling crystals on the heat exchange 
wall and its effect on heat transfer through experiments and numerical simulations. The character-
istics of fouling crystals on the tube wall such as the number, size and distribution of the fouling 
crystals are studied by experiments. Based on the characteristics of fouling crystals, a numerical 
model is established to analyze the mechanism of thermal resistance characteristics. The experimen-
tal results show that fouling process is generally divided into four stages: the positive resistance 
stage, the negative resistance stage, the rapid increase stage and the constant resistance stage. The 
fouling stage determines the number, size and distribution of fouling crystals on the tube wall. The 
numerical results show that there is a critical threshold effect on the size of fouling crystals that 
can produce eddy currents. When the size of the fouling crystals reaches a certain critical size, the 
velocity field and the temperature field around the fouling crystal change significantly. The ratio of 
Nusselt number on the fouling surface to Nusselt number on the smooth surface decreases in the 
initial stage, then increases in the negative resistance stage, and finally decreases in the rapid increase 
stage and the constant resistance stage. The mechanism of the thermal resistance characteristic in 
the process of fouling is the combined effect of heat conduction and the eddy current generated by 
the fouling crystals, which is highly dependent on the growth of the fouling crystals.
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1. Introduction

Crystallization fouling on the heat transfer surface is 
usually caused by the crystallization of inverse solubility 
salts, which are highly temperature-dependent and require 
a degree of super-saturation before precipitation occurs. In 

the process of forming crystalline fouling, three basic steps 
like attainment of super-saturation, formation of nuclei and 
growth of crystals are necessary for crystallization fouling 
to occur. This process is commonly divided into the induc-
tion period and the fouling period [1]. In the induction 
period, first a relatively stable crystal nucleus is formed on 
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the heat transfer surface and then the crystal nucleus grows 
into a stable crystal (fouling), and finally a dense fouling 
layer is slowly formed during the fouling period [2]. This 
process is determined by factors [3–6] such as salt con-
centration, super-saturation and pH value, flow velocity 
and regime, temperature, surface energy, roughness and 
topography, amount of nucleation spots, aging of the foul-
ing layer and the surface. CaCO3 fouling has been proven 
to be one of the main components of crystallization and 
scaling in industrial water systems, seawater desalination 
processes and drinking water systems [7–9].

The heat transfer characteristic of the induction period, 
as shown in the literature [1–6], is that the fouling thermal 
resistance changes with time to be less than or equal to 
zero. Generally, this change in thermal resistance is usually 
attributed to fouling deposits penetrating the laminar flow 
sub layer and enhancing turbulence near the heat transfer 
wall, the resulting turbulence increases the film heat transfer 
coefficient at the solid/liquid interface, thereby increasing 
the heat transfer rate during the induction period [10,11]. 
This process continues until the additional heat transfer 
resistance enforced by the fouling overcomes the advan-
tage of the increased turbulence [12–15]. However, there are 
few studies on the growth characteristics (such as changes 
in the number, size and distribution of fouling crystals on 
the heat transfer surface) of fouling deposits during the 
induction period and the resulting changes in heat trans-
fer characteristics. Our research reveals that there are four 
distinct time regions in the process of forming crystalline 
fouling [16]: a positive thermal resistance stage, a nega-
tive thermal resistance stage, a thermal resistance stably 
increasing stage, and a thermal resistance remaining con-
stant stage. The effect of fouling deposits during the induc-
tion period on heat transfer characteristics has two aspects: 
the increase of surface roughness and the decrease of metal 
surface area. The heat transfer characteristics of the induc-
tion period highly depend on the changes in the number, 
size and distribution of fouling crystals on the tube wall. 
Therefore, it is not rigorous to attribute the increase in heat 
transfer rate during the induction period to the increase in 
heat transfer surface roughness.

In order to understand the fouling process and quan-
tify its impact, many different forms of crystallization foul-
ing models have been proposed in previous literature [17]. 
However, most of them often predict the overall fouling 
of the setting [18]. Generally these models include a mass 
transfer term and a surface integral term [19]. The former 
describes the transport of fouling compounds from a large 
amount of fluid to the vicinity of the surface [20], while the 
latter describes the adhesion of fouling to the surface [21,22]. 
In order to investigate the temporal and spatial changes 
of fluid characteristics, items such as the number, size and 
distribution of fouling crystals on the heat transfer surface 
during the induction period should also be included. It is 
necessary to take into consideration the influence of a cer-
tain size of fouling crystals on the characteristics of the fluid 
near the heat transfer wall and the synergistic effect of all 
fouling crystals with different particle size distributions 
on the overall heat transfer.

In this paper, the concentration and flow state of the 
bulk solution are investigated as two target factors affecting 

the induction period. The characteristics of fouling crys-
tals and its relationship with heat transfer in the induc-
tion period are also studied. The characteristics of fouling 
crystals on the tube wall include the number, size and dis-
tribution of fouling crystals. Based on these characteris-
tics, a physical model is developed for CaCO3 fouling and 
implemented as a detailed version, which included all the 
relevant near-wall forces affecting the crystallization foul-
ing and requiring an extremely fine mesh near the fouling 
surface. The numerical simulation results are compared 
with the experimental results.

2. Experimental setup and procedure

2.1. Experimental system

The experimental setup and the actual experimental sys-
tem diagram are shown in Fig. 1. It consists of a flow loop, a 
CaCO3 solution tank with a stirrer for containing test solu-
tion, a two-heads peristaltic pump with two storages (2.5 L) 
with one for containing NaHCO3 solution and the other for 
Ca(NO3)2 solution, a thermo-statically controlled water bath 
(1,000 W power) to maintain the heating water at a con-
stant temperature, a data acquisition system. The flow loop 
comprises a circulating pump, a rotameter, a cooler and the 
test pipe. A peristaltic pump with two-heads can operate 
at 0.002–500 mL/min per head (≤50 W, 1–100 rpm motor). 
The centrifugal pump can run at a speed of 60 L/h with a 
maximum head of 6 m (45 W, 2,800 rpm motor).

The inlet and outlet temperatures of the flow stream are 
measured using calibrated K-type thermocouples (with their 
cold ends immersed in an ice bucket, and the maximum 
error is ±0.1°C). The flow rate is measured by a rotameter 
(the maximum error is ±0.1 L/h). The concentration of the 
test solution is maintained the initial level by adjusting the 
speed of the peristaltic pump. A computer controlled data 
acquisition system is used to record a set of temperature 
data.

AISI 316 stainless steel tube is adopted as the test pipe. 
The size of the test pipe is Ø18 × 6 ± 0.05 mm, and the tube 
length is 1 ± 0.001 m. The inner wall of the test pipe is pol-
ished and its surface roughness is controlled between 0.03 
and 0.04 mm. Three screw holes (Ø3 mm) are drilled along 
the same contour line of the test pipe, two of which are near 
the two ends of the test pipe and one is in the middle of the 
test pipe. Correspondingly, three bolts (Ø3 × 6 mm, AISI 316 
stainless steel) are matched with these screw holes. When 
these bolts are tightened in screw holes, two ends surface 
of the bolt are matched with the inner and outer surfaces 
of the test pipe respectively. The test pipe is fixed horizon-
tally in the thermo-statically controlled water bath, and its 
axis is under the surface of the water about 30 mm.

2.2. Test solution

In order to simulate the conditions encountered in the 
cooling water system, four CaCO3 solutions are prepared 
with deionized water, the sources of calcium ion and car-
bonate ion are calcium nitrate (Ca(NO3)2) and sodium bicar-
bonate (NaHCO3) respectively. The molar concentration of 
the test solution ranges from 0.0005 to 0.002 mol/L.
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2.3. Experimental procedure

The experiments are conducted in a controlled labora-
tory environment. In each run, the thermo-statically con-
trolled water bath is filled with deionized water and heated 
to 84.5°C ± 0.5°C by an electrical heater, then the distilled 
water instead of the test solution is pumped through the 
whole set-up, the heat transfer coefficient K0 (no fouling) 
is tested every 3 min in an 8-h period. After that two con-
centrated salt solutions (Ca(NO3)2 and NaHCO3) are slowly 
added to CaCO3 solution tank. When the temperature of the 
CaCO3 solution tank is constant, the heat transfer coefficient 
K (fouling) is tested every 3 min. Due to the formation of 
CaCO3 scale on the surface of the test tube, the concentra-
tion of the test solution decreases steadily. Therefore, two 
concentrated salt solutions (Ca(NO3)2 and NaHCO3) are 
simultaneously added in the test solution. The addition rate 
is determined by the concentration change of the test solu-
tion. The addition rate is controlled by adjusting the rota-
tion speed of the peristaltic pump.

2.4. Data reduction

The global fouling resistance Rf is calculated from

R
K Kf � �
1 1

0

 (1)

where K0 and K are overall heat transfer coefficients at the 
start and at time t > 0, respectively. K is determined from:

K Q
A Tm

�
�

 (2)

where Q is the rate of heat gained by the solution, A is the 
heat transfer area, and ∆Tm is the log mean temperature 
difference.

Q q c T Tv p� �� �� out in  (3)

 

 

Fig. 1. Experimental setup and the actual experimental system diagram.
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where qv is the mass flow rate of the test solution, ρ is the 
density of the test solution, Tin and Tout are the inlet and out-
let temperatures of the test solution, respectively, and cp is 
the specific heat of the test solution. The temperature differ-
ence is calculated using:

�T
T T T T
T T T Tm
h h

h h

�
�� � � �� �
�� � �� ��� ��

in out

in outln /
 (4)

Therefore, the heat transfer coefficient and fouling resis-
tance of the test tube can be determined by measuring the 
temperature and flow rate of the inlet and outlet of the test 
solution on the tube side as well as the temperature of the 
thermo-statically controlled water bath.

2.5. Physical model and the mathematical description

2.5.1. Physical model

Fig. 2a shows the computational domain in the test 
tube, and Fig. 2b is defined as fouling crystals grown on 
the area of ABCD of the test tube wall. The area of ABCD 
is determined by the crystal surface distribution rate σ, 
which is defined as the number of fouling crystals on per 
square millimeters in the experiment. For instance, when 
σ = 280/mm2, ABCD = 1/σ = 0.00357 mm2. To simplify calcu-
lations, the fouling crystals can be approximately regarded 
as a hexahedron with side length C as shown in Fig. 2b. 
One side of the hexahedron is closely attached to the test 
tube wall, and the other five sides are in full contact with 

the test solution. The number and size of fouling crys-
tals can be obtained through statistics and calculations 
of scanning electron microscope (SEM) images, which 
include the number, average size, maximum size and mini-
mum size of fouling crystals.

According to the above description, the study of the 
growth mechanism of CaCO3 fouling in the tube wall caus-
ing the induction period can be transformed into the study 
of the effect of single fouling crystals on the convective heat 
transfer mechanism of the ABCD surface area under differ-
ent growth times. Among all the parameters, σ and C are 
the main parameters to affect Nu near the test tube wall. 
For ease of description, the effect of the wall heat trans-
fer attributed to σ and C can be expressed by the ratio Nu/
Nu0. σ and C can be obtained from above-mentioned experi-
ments. The computational domain and the grid system used 
in simulation are shown in Fig. 3. The mathematical model 
uses the meshes with 181 × 81 × 81 grid, as shown in Fig. 3c.

In order to ensure the accuracy and reliability of the cal-
culation results, a grid independence test was carried out. 
The test results show that the meshes with 181 × 81 × 81 
grid are sufficient to solve the problem. The result (Nu/Nu0) 
of the meshes with 181 × 81 × 81 is 0.3% larger than that of 
the meshes with 164 × 64 × 64, but 0.2% smaller than that of 
the meshes with 200 × 100 × 100.

2.5.2. Mathematical model

In order to investigate the growth mechanism of CaCO3 
fouling in the pipeline during the induction period, a 

 

 
Fig. 2. Schematic configuration of the model: (a) location of the crystal and (b) the configuration of the crystal grown on the 
area ABCD.
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mathematical model is established to study the influence of 
CaCO3 fouling particle on the flow field and temperature 
field as well as heat transfer characteristics. To simplify the 
calculations, the following assumptions are made:

• The test solution is an incompressible fluid;
• The influence of gravity on fouling is not considered;
• The test solution is a stable laminar flow;
• The viscous heat dissipation and mass force is not 

considered;
• Only CaCO3 crystallization fouling is investigated;
• The energy transfer caused by molecular diffusion is not 

considered.

Based on these assumptions, the physical equations in 
calculation region are showed as following:

Continuity equation:
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Energy equation:
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where ρ is the density of the fluid, μ is the dynamic viscos-
ity, cp is the specific heat, λ is the thermal conductivity of 
the fluid, u is the fluid velocity, and T is temperature of the 
fluid.

For crystal, the energy equation:
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Boundary conditions:
The inlet and outlet boundary conditions (z = 0, z = lz):

V V
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The test tube wall:

V x y z T x y z Tw, , , , ,( ) = ( ) =0  (12)

The test tube center:
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∂

=
∂ ( )

∂
=
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, ,
,
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0 0  (13)

Tangential surface on both sides of surface 1 and sur-
face 2:

V Vx y z x y z T x y z T x y z, , , , , , , , ,( ) = ( ) ( ) = ( )
1 2 1 2

 (14)

 

Fig. 3. The computational domain and grid system: (a) the computational domain, (b) the crystal surface contacting with fluid, and 
(c) the grid system.
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2.5.3. Numerical methods

3-D static control equation of general form on the physi-
cal plane is:
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where φ is the component of solution variable of the veloc-
ity; Г is the generalized diffusion coefficient, which rep-
resents the dynamic viscosity coefficient; S is the generalized 
source term, which indicates the pressure gradient. Using 
the coordinate transformation formula, the mathematical 
equations used to describe the model are transformed into 
computational space. The convection term is discretized 
using the power law scheme; the diffusion term is discret-
ized using the central difference scheme. SIMPLE method is 
adopted in dealing with the pressure and velocity coupling. 
The form of discretization is:

a a a a a a a bP P E E W W N N S S T T B B� � � � � � �� � � � � � �  (16)

2.6. Uncertainty estimation

The uncertainty of the experimental results is analyzed 
and estimated using a method proposed by Moffat [23]. The 
maximum uncertainties in the temperature, flow rate, and 
concentration variation of the test solution are ±0.5°C, ±10% 
and ±10%, respectively. The maximum uncertainty of foul-
ing resistance, heat transfer coefficient measurement and 
heat transfer rate is determined to be within ±20%.

3. Results and discussion

In this investigation, the operating conditions are just in 
the metastable zone of “CaCO3-CO2-H2O” system [24] where 
CaCO3 solution is supersaturated with respect to anhydrous 
forms (such as vaterite, aragonite, and calcite), and there 
are not any possibility of spontaneous nucleation in CaCO3 
solution tank.

In the study of the influence of solution concentration 
on the induction period, the experiments are carried out on 
the basis of three CaCO3 solutions of 50, 150 and 200 mg/L, 
with the flow velocity of 0.2 m/s (Re = 2854, which is selected 
to eliminate the influence of flow on the fouling rate). For 
each solution, the thermal resistance caused by fouling is 
investigated in the whole process of fouling.

To investigate the growth of CaCO3 fouling on the test 
tube wall, the experiments are conducted in different run, 
such as 100, 250, 400, 700, and 1,200 h, with CaCO3 solu-
tion of 100 mg/L and the flow rate of 0.13 m/s (Re = 1,800, 
which is selected to eliminate the influence of the main flow 
on the wall fluid). At the end of each run, the crystalliza-
tion fouling is sampled and analyzed by scanning electron 
microscopy (SEM) and field-emission scanning election 
microscope (FESEM).

3.1. Heat transfer characteristics

It is well accepted that the characteristics of CaCO3 foul-
ing on tube inner surface are indicated by K/K0. When the 
flow rate is 0.20 m/s (Re = 2854) and the concentration of 
test solutions range from 50 to 200 mg/L, the experimental 
results of the fouling characteristics of CaCO3 on the inner 
surface of the tube are shown in Fig. 4. It is worth noting 
that at different concentrations, the three curves of K/K0 

Fig. 4. The variety of K/K0 with time at different concentrations: 
(a) 50 mg/L, (b) 150 mg/L, and (c) 200 mg/L.
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vs. time show almost the same trend. Four different stages 
of thermal resistance change over time are observed: the 
positive resistance stage, the negative resistance stage, the 
rapid increase stage and the constant resistance stage. The 
different stages match the different development stages 
in the crystallization fouling process: nucleation phase, 
growth phase and asymptotic/falling phase. In general the 
process is also divided into the roughness delay time and 
fouling period. The roughness delay time is classified into 
two periods: the initiation period and the negative foul-
ing resistance period. In the initiation period, the thermal 
fouling resistance increases with time at firstly, and then 
decreases with time, the total thermal resistance is greater 
than zero, but most researchers believe that the thermal 
resistance at this stage is zero [10–15]. In the negative ther-
mal fouling resistance period, the trend of the thermal 
fouling resistance is exactly opposite with the initiation 
period. In the fouling period, the thermal fouling resistance 
increases quickly at first and then increases asymptotically.

The effects of the concentration on the induction period 
for test solutions of 50, 150 and 200 mg/L respectively are 
illustrated in Fig. 4. Obviously, the initiation period is 
about 72 h for 50 mg/L solution, 48 h for 150 mg/L solution, 
and 24 h for 200 mg/L solution. Additionally, the induc-
tion period is about 216 h for 50 mg/L solution, 144 h for 
150 mg/L solution, and 96 h for 200 mg/L solution. It is evi-
dent that the initiation period as well as the induction period 
decrease with increasing the concentration of test solutions. 
The reduction in the initiation period and the induction 
period is readily explained by the increasing the concen-
tration due to the increased amount of crystallization in the 
boundary layer as well as the increasing the fouling rate.

3.2. Time dependence of the fouling

Fig. 5 indicates the variety of K/K0 with time at test 
solution concentration of 100 mg/L and the flow rate of 
0.13 m/s (Re = 1,800). It is notable that the curve of K/K0 vs. 
time illustrated in Fig. 5 shows almost the same trend with 
Fig. 4. Both the initiation period (500 h) and the induction 
period (about 1,500 h) of Fig. 5 are significantly increased, 
which is due to the change in flow conditions from tur-
bulence flow (Fig. 4, Re = 2,854) to laminar flow (Fig. 5, 
Re = 1,800) [16]. The essence is that the deposits are con-
trolled by chemical reaction in Fig. 4, while fouling is 
mainly influenced by diffusion mass transfer in Fig. 5.

Fig. 6 shows a scanning electron microscope (SEM) 
image of the calcite dispersion above the test tube at the 
same position (center bolt). Table 1 shows the statisti-
cal results of Fig. 6, including the change in the number 
of calcite on the heat transfer wall (mm2), max size, min 
size and the mean size of fouling in different run times. 
As showed in Table 1, the number of crystals increases 
remarkably from 977 to 2,543 with the run time increasing 
from 100 to 250 h, and then increases readily from 2,543 to 
4,954 with the run time ranging 250–1,200 h; at the same 
time, the mean size steadily increases from 1.34 to 4.40 μm 
with the run time ranging 100–400 h, and then increases 
quickly from 4.40 to 11.7 μm with an increase in run time 
from 400 to 1,200 h. It is clear that the change in the mean 
size and number of calcite crystals in the initiation period 

is related to nucleation phase and growth phase on the 
metal surface in Figs. 6b–d. The initial formation of cal-
cite crystal nuclei on the metal surface is a bit difficult, 
but once crystal nuclei are generated, subsequent crys-
tal nucleus formation is easy [1]. The formation of new 
crystal nuclei and the growth of existing crystal nuclei to 
stable particles proceed simultaneously. The distribution 
of crystal nuclei is discrete, the growth of a single nucle-
ation site and the formation of new crystal nuclei will not 
cause the heat transfer surface to be completely covered 
[16]. Figs. 6d and e indicate the crystallization fouling pro-
cess is in the negative thermal fouling resistance period. 
A large number of big particles are scattered on the metal 
surface and do not cover the entire metal surface. It is the 
presence of large particles that increase the disturbance of 
the flow field around the particles and increase the heat 
transfer on the bare metal wall, thereby reducing the ther-
mal resistance and resulting in negative thermal resistance  
[1–6,10–15].

Fig. 7 shows the evolution of the size distribution of cal-
cium carbonate particles (calcite) deposited on the test tube 
when the concentration of the test solution is 100 mg/L and 
the flow rate of 0.13 m/s (Re = 1,800). For different running 
times, the size distribution of fouling crystals at different 
running times shows a normal distribution and the average 
fouling crystals size gradually increases. This indicates that 
fouling crystals continue to grow throughout the induction 
period instead of forming more crystal nuclei [25].

In Fig. 7a at run time t = 100 h, the relative percent-
age is about 35% for the crystal nucleus diameter range 
of 1.75–2.0 μm, about 45% for <1.5 μm, and about 20% for 
>2.25 μm. But in Fig. 7b the relative percentage is about 30% 
for size range 2.5–3.0 μm at run time t = 250 h, about 25% 
for <1.5 μm, and about 45% for >3.0 μm. However in Fig. 7c 
the relative percentage is about 30% for size ranging 2.75–
3.25 μm at run time t = 400 h, about 25% for <2.0 µm, and 
about 45% for >4.0 μm. Obviously, in the initiation period, 
minute crystal particles formed in the nucleation will take 
precedence to growth other than forming more new nuclei 
on the tube wall.

 

Fig. 5. The variety of K/K0 with time at concentration of 100 mg/L 
and the flow rate of 0.13 m/s (Re = 1,800).
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Fig. 6. The time dependence of the fouling morphology: (a) clean, (b) t = 100 h, (c) t = 250 h, (d) t = 400 h, (e) t = 700 h, and (f) t = 1,200 h.
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In Fig. 7d, at the running time t = 700 h, the relative per-
centage of the size range of 5.8–6.5 μm is about 40%, about 
15% for the size smaller than 5 μm, and about 45% for the 
size bigger than 7.5 μm. In Fig. 6e, at the running time 
t = 1,200 h, the relative percentage is about 30% for size range 
14–16 μm, about 30% for size smaller than 12.5 μm, and 
about 40% for size bigger than 20 μm. Interestingly, in the 
negative thermal fouling resistance period, big particles will 
preferentially grow into larger particles rather than form-
ing more new crystal nuclei on the tube wall [25].

3.3. Numerical results and analysis

Supersaturated CaCO3 solution is used as the sim-
ulation object, its concentration is 100 mg/L, and its tem-
perature is 63°C. Using the results of the experiment and 
statistics results from EMS images illustrated in Fig. 6. Flow 
velocity in the test tube is w = 0.13 m/s (Re = 1,800). The 
numerical calculation is carried out regarding different 
crystal sizes for 100, 250, 400, 700 and 1,200 h, respectively. 
The heat transfer characteristics on the tube surface are 
analyzed. The statistical results of the size of fouling crys-
tals in the different run time such as 100, 250, 400, 700 and 
1,200 h are shown in Table 1. The size used in the simulation 
computation is shown as Table 2, wherein L1, M1, N1 are the 
total number of grids in x, y and z direction, respectively. 
ΔI, ΔJ, ΔK are the grids number of fouling crystals in x, y 
and z-direction, respectively.

3.3.1. Effect of the fouling crystal on flow field

As the run time is 100 h and w = 0.13 m/s (Re = 1,800), 
the fouling crystal size (C) is 0.5, 2.5, 4.0, 10.0 μm respec-
tively, Figs. 8a–c indicate the velocity vector field in y-z sec-
tion for different fouling crystal size. When the fluid flows 
through the fouling crystals, the flow direction of the fluid 
will change to a certain extent, the larger the fouling crys-
tal size is, the more obvious the change in the flow direction 
is. Furthermore, as the fouling crystal size is 10 μm, aside 
from the obvious change in the flow direction, vortices are 
generated in the front and rear of the fouling crystal. The 
vortex strengthens the mixing of fluids on the y-z section 
around the fouling crystals, effectively increasing the heat 
transfer on the y-z section.

As the run time is 100 h, the size of fouling crystals (C) 
is 0.5, 2.5, 4.0 and 10.0 μm, respectively. Figs. 9a–c illustrate 
the velocity field in x-z section for different fouling crystal 
sizes. It is noting that when the fluid flows through the foul-
ing crystal, its flow direction changes to a certain extent, 

the larger the fouling crystal size is, the more obvious the 
change in the flow direction is. Furthermore as the fouling 
crystal size is 10 μm, in addition to the obvious change in 
the flow direction, vortices are generated in the front and 
rear of the fouling crystal. The vortex strengthens the mix-
ing of fluids on the x-z section around the fouling crystals, 
effectively increasing the heat transfer on the x-z section. 
Combined with Figs. 8 and 9, there is a critical threshold 
effect on the size of the fouling crystals that can generate 
eddy currents.

Figs. 10a–c show the velocity fields of y-z section at 
x = 0.0034999, 0.0034979, 0.0034969 and 0.0034909 mm 
respectively for the run time of 100 h and the size of foul-
ing crystal C = 10 µm. In the direction perpendicular to the 
tube wall, the vortex changes from large to small until it 
disappear. Near the tube wall, the vortex generated by the 
fouling crystals to the fluid is most obvious. In the direc-
tion from the tube wall to the center of the tube, the vortex 
effect gradually decreases until it disappears. The vortex 
strengthens the mixing of fluids on the y-z section around 
the fouling crystals, effectively increasing the heat transfer 
on the y-z section.

3.3.2. Effect of fouling crystal on the temperature field

Fig. 11 shows the temperature field for the run time of 
100 h and crystal size of C = 2, 4, 9, 13 µm, respectively. The 
size of fouling crystals has obvious effects on the surround-
ing temperature. The outermost red is the temperature of 
the test solution. The closer to the crystal center, the lower 
the temperature, and the blue part of the fouling crystal cen-
ter has the lowest temperature. This is because the thermal 
conductivity of the fouling crystal is very small compared to 
the test tube wall. When the fouling crystal adheres to the 
tube wall, the heat exchange between the test solution and 
the tube wall is significantly reduced. With the growth of 
fouling crystals, the area occupied by the low temperature 
zone in the calculation area continues to increase, causing 
more heat to be blocked by the fouling crystals and unable 
to pass through the tube wall.

3.3.3. Effect of the fouling crystals on the heat transfer

Through the analysis of the flow field and temperature 
field around the fouling crystals as mentioned above, it is 
clear that the heat transfer characteristics are determined 
by the vortex enhancement effect and the hindering effect 
of the fouling crystal. The vortex enhancement effect is 
determined by the size of the fouling crystal. Only when 

Table 1
The statistics results of CaCO3 crystal sampling in different run

Run time (h) Max size (μm) Min size (μm) Mean size (μm) Number of crystal (mm2) Number of samples

100 5.30 0.33 1.34 977 10
250 12.70 0.69 2.73 2,543 10
400 21.31 1.14 4.40 3,124 10
700 31.14 3.17 8.43 4,067 10
1,200 52.40 6.52 11.70 4,954 10
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Fig. 7. The size distribution of crystal particle at different run time: (a) 100 h, (b) 250 h, (c) 400 h, (d) 700 h, and (e) 1,200 h.
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the size of the fouling crystal grows to a certain size, a vor-
tex will be generated around the fouling crystal, and then 
as the fouling crystal continues to grow, the vortex will 
gradually increase and the thermal resistance of the tube 
wall will slowly decrease. However, the hindering effect is 
caused by the growth of fouling crystals which leads to the 
reduction of the bare metal surface of the tube wall, thereby 
increasing the heat transfer resistance of the tube wall. In 

the initiation period, the hindrance caused by the deposi-
tion of fouling crystals on the heat transfer wall is domi-
nant, so the thermal resistance is positive. But in the nega-
tive fouling resistance period, the vortex enhancement effect 
caused by the fouling particles is dominant, therefore the 
negative thermal resistance is observed. While in the foul-
ing period, due to the fouling covers the entire heat trans-
fer wall, the enhancement effect of the eddy current on the 

Table 2
The crystal size in numerical simulation

Time (h) ΔI (L1) ΔJ (M1) ΔK (N1) Δx (mm) Δy (mm) Δz (mm)

100 h 3/181 3/81 3/81 0.0015 0.0012 0.0012
250 h 5/181 5/81 5/81 0.0025 0.0020 0.0020
400 h 8/181 10/81 10/81 0.0040 0.0040 0.0040
700 h 17/181 23/81 23/81 0.0085 0.0084 0.0084
1,200 h 23/181 28/81 28/81 0.0115 0.0112 0.0112

  

  
Fig. 8. The streamline diagram of crystals of different sizes (C) in the y-z section: (a) C = 0.5 µm, (b) C = 2.5 µm, (c) C = 4.0 µm, 
and (d) C = 10.0 µm.
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heat transfer of the bare metal wall basically disappears, the 
hindering effect of fouling is dominant, and the heat resis-
tance of fouling increases slowly.

Fig. 12 illustrates the variation of Nu/Nu0 with the size of 
fouling crystal for run time of 100, 250, 400, 700 and 1,200 h, 
respectively. For the size ranging from 0.5 to 4.5 μm, Nu/
Nu0 increases to 1 as the fouling crystal size increases, due 
to the fouling crystal size in this range causes fewer vor-
texes to the fluid, and in this case the hindrance of heat 
transfer caused by fouling crystals plays a leading role. 
But for the size ranging of 4.5–9.5 μm, Nu/Nu0 increases 
from 1 to the maximum, which is attributed to the vortex 
effect of the fluid is greater than the hindering effect of the 
fouling crystal on heat transfer. While for the size range of 
9.5–12 μm, Nu/Nu0 gradually decreases from the maximum 
value to 1. This is because as the fouling crystals gradu-
ally cover the heat exchange surface, the vortex generated 
by the fouling crystals might still increase, but the hin-
dering effect gradually becomes the dominant factor.

3.3.4. Overall effect of the size on Nu/Nu0 in the 
induction period

Fig. 13 illustrates the variation of Nu/Nu0 (numerical 
value) and K/K0 (experimental value) with time during the 
roughness induction period. The values of K/K0 and Nu/Nu0 
show a trend of first decreasing, then increasing, and finally 
decreasing over time. In the time ranging of 0–500 h, the 
values of two is less than 1, the heat transfer performance 
is reduced, and it is at the stage of positive thermal resis-
tance. In time ranging 0–200 h, the number of fouling crys-
tals on the heat exchange surface gradually increases and 
the hindering effect of fouling crystal on the heat transfer 
is greater than the vortex effect, the values of K/K0 and Nu/
Nu0 gradually decrease to the minimum. Within 200–500 h, 
as the number and size of fouling crystals increases, the vor-
tex generated by the fouling crystals gradually increases, 
both the values of K/K0 and Nu/Nu0 gradually increase 
from the minimum value to 1 with the increase of time, and 

  

  
Fig. 9. The streamline diagram of crystals of different sizes (C) in the x-z section: (a) C = 0.5 µm, (b) C = 2.5 µm, (c) C = 4.0 µm, 
and (d) C = 10.0 µm.
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the hindering effect caused by fouling crystals gradually 
weakens until the vortex enhancement effect and hindering 
effect cancel out, in this case both the values of K/K0 and 
Nu/Nu0 are equal to 1. Within 500–1,200 h, both the values 
of K/K0 and Nu/Nu0 are greater than 1, suggesting that the 
heat transfer performance is enhanced, and it is in the stage 
of negative thermal resistance. In time ranging 500–900 h, 
with the fouling crystals growth, the vortex effect of the 
fouling crystals on the heat transfer gradually increases, 
both the values of K/K0 and Nu/Nu0 gradually increase 
from 1 to the maximum. Within 900–1,200 h, the fouling 
crystal gradually covers the heat transfer surface, which 
makes the hindrance of the fouling crystals to heat trans-
fer gradually increase, but the vortex enhancement effect 
caused by the fouling crystals gradually decreases, both 
the values of K/K0 and Nu/Nu0 gradually decrease from 
the maximum value to 1, when both the values of K/K0 and 
Nu/Nu0 are equal to 1, the vortex enhancement effect just 
offsets the hindering effect. At this time, the fouling crys-
tals just completely cover the whole heat exchange surface, 

which means that the roughness induction period has  
just ended.

The changing trends of K/K0 and Nu/Nu0 are the same, 
but the value of K/K0 is much larger than the value of Nu/
Nu0. This is because Nu/Nu0 is the description of the con-
vective heat transfer process inside the tube, while K/K0 is 
the generalization of the convective heat transfer process 
inside the tube, the heat transfer process inside the tube 
wall, and the convective heat transfer process outside the 
tube. Therefore, the change of K/K0 is more obvious than the 
change of Nu/Nu0.

3.3.5. Relationship between the fouling crystal 
and the heat transfer characteristics

In the experiment, a long delay time is observed, and 
the initial growth of fouling crystals leads to an increase in 
fouling resistance as illustrated in Figs. 4 and 5, instead of 
no fouling resistance as reported in the literature [26]. This 
can be explained by the change in fluid flow characteristics 

  

  
Fig. 10. The streamline diagram of crystals of at different x section in same crystal size of C = 10.0 µm: (a) x = 0.0034999 mm, 
(b) x = 0.0034979 mm, (c) x = 0.0034969 mm, and (d) x = 0.0034909 mm.
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near the fouling crystals and the bare metal surface area 
[16]. According to previous research results [26–29], the 
chemical reaction Eq. (17) occurs when the test solution is 
heated along the test tube. As the temperature increases, the 
test solution reaches a supersaturated state and forms crys-
tal nucleus (either dissolves or grows into a stable nucleus) 
on the surface of the test tube. As shown in Figs. 6a and 
b, the size of fouling crystals on the heat transfer surface 
is less than 10 μm, which is too small to induce vortex 
and enhance heat transfer, these crystals could result in a 
reduction in the area of the exposed metal surface and an 
increase in thermal resistance [30–32]. But as illustrated in 
Fig. 6c, the fouling crystals with a size greater than 10 μm 
accounts for about 2.5%, the eddy current enhancement 
effect caused by these particles makes the thermal resis-
tance continue to decrease. While as shown in Fig. 6d, the 
fouling crystals with a size greater than 10 μm account 
for about 20%, and the vortex enhancement effect gener-
ated by these particles exceeds the hindering effect caused 
by the fouling crystals, which makes the fouling thermal 
resistance a negative value. Additionally, as indicated in 
Fig. 6e, the fouling crystals with a size greater than 10 μm 
account for about 90%, both the vortex enhancement effect 

generated by these particles and the hindering effect caused 
by the fouling crystals are much more than that of Fig. 
6d, but the thermal resistance is still negative. This pro-
cess continues until the advantage of vortex enhancement 
effect is surpassed by the hindering effect caused by foul-
ing crystals, followed by the rapid increase stage and the 
constant resistance stage where the whole heat exchange 
surface is covered by the fouling crystal completely and 
therefore the vortex enhancement effect might disappear.

The mechanisms involved are an initial crystallization 
reaction:

Ca CO CaCO s2
3
2

3
� �� � � �  (17)

4. Conclusions

In this paper, the characteristics and its relationship with 
heat transfer in the induction period of calcium carbon-
ate fouling on the inner surface of AISI 316 stainless steel 
tube are studied. On the other hand, numerical analysis 
method is used to study the mechanism of heat transfer in 
the induction period of CaCO3. Based on the data collected 

  

  
Fig. 11. The temperature field for different size of fouling crystal at the plane of x = 2.9935 and run time of 100 h: (a) C = 2.0 µm, 
(b) C = 4.0 µm, (c) C = 9.0 µm, and (c) C = 13.0 µm.
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Fig. 12. The variation of Nu/Nu0 with the size of fouling crystal for different run times: (a) 100 h, (b) 250 h, (c) 400 h, (d) 700 h, and 
(e) 1,200 h.
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from the experiment, Nu/Nu0 with different crystal size and 
different distribution density in different run time is ana-
lyzed. The main results can be summarized as following.

• The CaCO3 crystallization fouling process is generally 
divided into four effect stages: the initial stage, the neg-
ative fouling resistance stage, the rapid increase stage 
and the constant resistance stage.

• In the initial stage, fouling crystals is distributed in dots 
on the metal surface. In the negative thermal resistance 
stage, some fouling crystals are large enough to cause 
changes in the flow field, thereby overcoming the addi-
tional heat transfer resistance caused by fouling deposits. 
In the rapid increase stage and the constant resistance 
stage, the additional heat transfer resistance generated 
by fouling deposits may overcome the positive contri-
bution of changing flow fields to heat transfer, and the 
thermal resistance increases steadily.

• When the size of the fouling crystals reaches a certain 
critical size, the velocity and temperature fields around 
the crystal change obviously. The larger the crystal size, 
the stronger vortices, but the larger heat conductivity 
resistance. Vortices will enhance heat transfer on the 
tube wall.

• The line Nu/Nu0 = 1 is divided the induction period into 
two stages: one is the negative resistance stage, wherein 
Nu/Nu0 > 1, Nu/Nu0 first decreases and then increases in 
the positive thermal resistance region with the increase 
of crystal size; the other is the negative thermal resis-
tance region, wherein Nu/Nu0 < 1, Nu/Nu0 first increases 
and then decreases with the increase of crystal size. 
These are agreed with the results of the experiment in 
the induction period.

Symbols

A — Heat transfer area, m2

cp — Specific heat at constant pressure, J/(kg K)
do — Inside diameter, m
di — Outside diameter, m

K — Heat transfer coefficient, W/(m2×K)
m —  Mass flow rate of gases into the combustor, 

kg/s
mCaCO3

 —  The weight of deposited fouling at a time, 
kg

p — Pressure, Pa
qv — Volume flow rate, m3/s
Q — Heat transfer rate, W
Rf — Fouling resistance, m2×K/W
RW — Tube wall resistance, m2×K/W
Tout — Outlet temperature, °C
Tin — Inlet temperature, °C
Th —  Temperature of constant temperature 

water tank, °C
DTm — Log-mean temperature difference, K
Uo —  Clean tube heat transfer coefficient, 

W/(m2 K)
U —  Fouling tube heat transfer coefficient, 

W/(m2 K)
u — Fluid velocity, m/s
V — Volume flow rate, m3/s

Greeks

θ — Central angle, °
λ — Thermal conductivity of the fluid, W/(m K)
μ — Dynamic viscosity
ρ — Density of fluid, kg/m3

σ — Crystal surface distribution rate, –
φ —  Component of solution variable of the 

velocity, –
Г — Generalized diffusion coefficient, m/s
S — Generalized source term, –
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