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Experimental Study on the Formation Law of CaCO;
Scale and the Correlation Degree of Influencing Factors
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Abstract Scale is a problem that has not been solved thoroughly in industry and academia. An experimental system was
built in order to study the effects of heat flux, bulk fluid temperature Ty, and solution hardness & flow velocity on scale
formation. Preliminary experiments were conducted to test the reliability and stability of the experimental apparatus. The
experiments revealed growth law of thermal resistances under four action factors. The experimental results showed that the
bulk fluid temperature Ty, had important influence on the formation process of scale. When T, increases from 24°C to 28°C,
the fouling resistances increase from 1.46x10™ m?/W to 3.01x10™ m?«/W. The fouling resistances decrease with the
increase of flow velocity. Four important factors were ranked from greatest to least in the following order: heat flux, T,
solution hardness and flow velocity under the guidance of grey relational analysis method. Calcium carbonate crystal
particles precipitate out from the metastable solution. The type of fouling deposited on inside surface of copper pipe from
microparticles in solution can be defined as particulate fouling. Therefore, the fouling deposited on the inside surface of the
copper pipe should be named composite fouling included crystallization fouling and particulate fouling, based on the whole
process of scale precipitated from solution. These research results can provide theoretical basis for the prevention and

removal of scale on the surface of heat exchanger.

Keywords Crystallization fouling, Particulate fouling, Induction period, Fouling resistance, Grey relational analysis

1. Introduction

Fouling, the deposition of dissolved salts on heat transfer
surfaces severely diminishes the heat transfer rate and
increases the pressure drop of process equipment and fluid
machinery, such as heat exchangers. Because of fouling,
operation and maintenance costs of the processes increase
significantly. Fouling of heat transfer surfaces is a serious
problem that affects the design and operation of heat
exchangers [1,2]. Fouling involves the formation of deposits
of low thermal conductivity on heat transfer surfaces,
leading to degradation in the rate of heat transfer. At the
design stage, fouling is accounted for by increasing the heat
transfer surface area. According to Zhang et al. [3] Seawater
contains a lot of minerals, which will cause a lot of scales to
precipitate on the heat exchange equipment. Therefore, the
heat exchange efficiency of the equipment will be greatly
reduced. In addition, increased carbon dioxide emissions due
to the rise of energy consumption can cause a series of global
problems such as El Nino phenomenon and extreme weather
[4]. Therefore, environmental disruption and economic
effects can be reduced to a certain extent by decreasing the
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fouling on heat transfer surfaces.

Dissolved inverse soluble mineral salts in cooling water
of thermal power plant such as calcium carbonate, calcium
sulphate, calcium silicate, etc. often contribute to the
formation of these scales. Normally scales form from the
accumulation of precipitation of mineral salts from water on
metallic surfaces. Fouling is a complex phenomenon and its
prediction, which is still an open question based on the
current knowledge. It is clear that many parameters have
significant effects on crystallization fouling. The operating
conditions of the experimental system for example: flow
velocity, wall and bulk temperatures, and solution properties
but also the geometry of the heat transfer surface (tube type,
thickness of the laminar boundary layer, shear forces) affect
the formation of the deposition layer on heat transfer
surfaces [5,6]. Therefore, it is very difficult to define
accurately these effects for all the cases but they need to be
studied specifically. Padkkdnen and Riihimaki et al. [7,8]
investigated change rule of fouling resistance under different
flow velocities and the heat fluxes. Results showed that
increasing the heat flux slightly increased the linear growth
rate of the fouling resistance. This was caused by the
increase in the initial wall temperature that was about 9°C
between the heat fluxes 52.5 kW/m? and 61.8 kW/m?. The
increase in the flow velocity from 0.20 m/s to 0.40 m/s
changed the initial wall temperature about 15°C that
explained the stronger changes in the fouling rate when the
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flow velocity varied. Zhang et al. [9] studied the effect of
concentration in particulate fouling tests, whereas the effect
of fluid velocity was studied in composite fouling tests. The
foulants used in the particulate fouling test are Al,O3 whose
concentration is 1000 mg/L, 2000 mg/L, and 3000 mg/L. The
foulants used in composite fouling tests are the compounds
of NaHCO; and CaCl, and Al,O3 particulates. The average
velocity of composite fouling tests is 0.2 m/s, 0.4 m/s and 0.6
m/s. A composite fouling test was carried out at an inlet
temperature of 50°C to compare with the composite fouling
test. Kazi et al. [10,11] informed the investigation of calcium
sulphate deposition on four different metal surfaces:
copper, aluminum, brass, and stainless steel 316, and a
polycarbonate surface. It was revealed that the fouling
increases with time but at a decreasing rate according to a
well-designed experiment system. The deposition on the
metallic surface can be considered to increase with
increasing thermal conductivity and decreasing total surface
energy over the range of experiment. Low surface energy
materials such as polycarbonate can cause less attraction
to the floating crystals and receive less deposition in
comparison to the surface.

At the initial stage of the fouling experiments, an
induction period is detected. During the induction period,
the fouling resistance does not increase and remains zero
basically. When the induction period ends, the first crystals
start to grow on the heat transfer surface. The importance of
the induction period should not be underestimated [12,13].
If a comprehensive knowledge existed of why and how
induction period occurred, then it can be possible to exploit
this knowledge and extend the induction period indefinitely.
Fouling process is commonly preceded by an induction
period (or initiation period) in which no significant change
on thermal resistance is observed with time increasing, with
exception of fouling under boiling conditions. The induction
period can be from a few minutes in a laboratory experiment
to one month or so in thermal power plant or refinery
equipment. A number of researchers have observed the
induction period phenomenon under non-boiling conditions
and tried to explain this phenomenon for a wide range of
fouling mechanisms. Yang et al. [14] assumed that active
foulants species stick to the surface and gradually cover it,
the rate of change of surface coverage being proportional to
the fractional free surface. The new model was proposed in
order to describe the fouling process from the start of the
induction period up to the steady fouling rate stage using a
single and simple mathematical expression. The model
quantitatively described the influence of the surface
temperature on the length of the induction period for the
crude oil and whey protein fouling systems. The model also
described in a semi-quantitative manner the influence of
velocity on the induction period. Mwaba et al. [15]
discovered four distinct time regions during crystallization
fouling experiments: A region where the fouling thermal
resistance is zero; A region where the fouling thermal
resistance is negative; A region where the fouling resistance

increases steadily; A region where the fouling thermal
resistance remains constant. Each of these regions can be
matched with different development phases in the
crystallization fouling process: nucleation phase, growth
phase and asymptotic phase. Overall, the fouling curves
exhibit an S-curve, characteristic of the logistic curve. A new
correlation based on the solution of the logistic equation was
formulated.

Peyghambarzadeh et al. [16] performed an experimental
study to examine role of generating bubble on the heat
transfer fouling in an annular heat exchanger. A scientific
comparison was performed to investigate fouling of
suspended particles under forced convective and subcooled
flow boiling heat transfer. In the particulate fouling
experiments, the base liquid was pure n-heptane and a-Al,0;
microparticle was added to the base fluid as the foulants
in different concentrations including 0-200 mg/l. In the
crystallization fouling experiments, CaSO, aqueous
solutions were prepared in different concentration up to 4 g/l.
In the meantime, a suitable in-line filter was installed before
the test section to remove all probable CaSO, particles from
the test fluid to avoid any interference of suspended particles
in the crystallization fouling experiment. Experiments
showed that increasing the fluid velocity can decrease the
particulate fouling resistance due to higher shear stress and
hydrodynamic lift force exerted on the heat transfer surface.
Chen et al. [17] carried out a comparative study on the
electrical conductivity of solutions and calcium ion
concentration before and after treatment. The pictures of
copper tubes before and after experiments are shown in the
Figure 1. However, the law of some important parameters
in the process of scale formation is not very clear. Most
scholars have carried out research on particulate fouling
using TiO,, Fe,03, SiO,, Al,O3, MgO particles[18-21]. Other
researchers began to notice the connection between the two
types of fouling. Zhang et al. [9] conducted clean tests of
heat transfer and fluid flow and fouling tests of particulate
fouling and composite fouling in four commercially
available corrugated plate heat exchangers. The foulants
used in composite fouling tests are the compounds of
precipitation fouling, NaHCO3 and CaCl,, and particulate
fouling, Al,O3 particulates. Kang Sub Song et al. [22]
measured and analyzed the composite fouling characteristics
of CaCO; and CaSO, in plate heat exchangers. The
composite fouling here refers to a mixture of two kinds
of scale crystals. In the particulate fouling experiment
performed by Peyghambarzadeh et al., the base liquid is pure
n-heptane. Meanwhile a-Al,O3; microparticle were added to
the base fluid as the foulants in different concentrations. In
the crystallization fouling experiments, CaSO, aqueous
solutions are prepared in different concentration up to 4 mg/I.

As can be seen in the current studies, many scholars have
carried out in-depth research on crystallization fouling and
particulate fouling. A notable feature of inverse solubility
salts is that their solubility decreases with temperature
increases. Salts that normally lead to scaling are usually
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carbonates, sulfates, and phosphates of calcium. The
saturation concentration of different polymorphs of CaCO;
depends on the bulk fluid temperature under normal
conditions. Solution temperature has a crucial effect on the
fouling process. Scaling problems of circulating cooling
water more or less exist in many coal-fired powers plants in
China. The working temperatures of the cooling water in
thermal power plants are mainly in the range of 10~35°C.
The experimental study of CaCOs deposited on the inside
surface of the copper pipe under 10~35°C of bulk fluid
temperature should be carried out in-depth. It will be of great
application value to conduct research on CaCOj; fouling in
this temperature range. There are many factors affecting the
scaling of solution on the heat exchange surface such as
velocity, heat flux, bulk temperature of fluid, solution
hardness, and so on. If we can know the role of these factors
in the formation of scale, it will help us to understand the
formation mechanism of scale more clearly. The grey
relational analysis method in this paper is used to rank
parameters which have an important influence on fouling
resistance.

(a) Clean tube

(b) Scaling tube

(c) Clean tube magnified

(d) Scaling tube magnified

Figure 1. Comparison between clean tube and scaling tube

2. Experimental Set-up

2.1. The Apparatus

The experimental set-up used for the fouling experiments
is illustrated in Figure 2. The photo of the experimental
platform is shown in Figure 3. The piping and fittings are
made of the polyethylene-aluminum composite pipeline
(Foshan Rifeng Enterprise Co., Ltd. CHINA). The main
flow loop comprises a centrifugal pump, turbine flowmeters,
test section, and a thermostatically controlled water bath to
maintain circulating water bath at a constant temperature.
The centrifugal pump (Shanghai Shangcheng Pump and
Valve Manufacturing Co., Ltd. CHINA) has the
specification of 2840 rpm, 550 W motor, and the maximum
flow is 2.5 m*/h, with the maximum head is 10 m. The test
section has electric heating tapes that can continuously heat
copper pipes. The cooling circulating water bath should be
installed for keeping the bulk temperature of the tank at the
required magnitude. About -5~20°C cooling water can be
provided with the help of a cooling circulating water bath
(Ningbo Tianheng Instrument Factory Co., Ltd. CHINA).
Volume of a cuboid water tank at the center of bath is 20L.
Spiral copper coil tube is immersed in cooling water.
Outflowing from the test section, solution flows through
the spiral copper coil. Therefore, this experiment system
can be maintained for heat balance, and the inlet temperature
of solutions can remain approximately equivalent. Test
section is the core part of overall experiment system. Four
thermocouples are embedded in outside surface at different
axial positions along axial direction of the copper tube.
These thermocouples are fixed in the form of soldering. The
copper tube is entwined with electric heating ribbon in order
to heat the solutions flowing through tube. The outside of the
copper pipe is covered with aluminum silicate insulation
materials. The main purpose is as much as possible to
reduce the heat dissipation of the environment. Agilent data
acquisition instrument is used to record the wall temperature
of copper tube and bulk fluid temperature of the solution
passing through the test section. Both the wall temperature of
copper tube and bulk temperature of the solution are
measured by using a K-type thermocouple. The program is
set to record temperatures every 3 min.

In order to accelerate the fouling effect, the initial water
hardness for all experiments was performed. Artificial
hard water was prepared by using a mixture of sodium
bicarbonate (NaHCO3) and calcium chloride (CaCl,). When
these two chemicals are singly dissolved in deionized water,
the following balanced equation results:

CaCl, + 2NaHCO; > Ca(HCO;) , +2NaCl (1)
Ca(HCO,) , ++ CaCO; + H,0 + CO, )

Calcium carbonate is formed due to the reaction between
calcium chloride and sodium bicarbonate in water.
Before each fouling experiments, the concentration of 5%
hydrochloric acid solution was used to remove formed scales
of copper pipe inner surface. Correspondingly the system
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was well cleaned by circulating deionized water to ensure
repeatability and reproducibility of the experiment data.
Because the copper pipe of test section is the same one,
this can guarantee each fouling experiment in the same wall
condition.

o —

Valve

Water chilling unit

Flowmeter
Cooling water inlet

1913n0 Jayem Buijood

Mixer

Test section

Figure 2. Schematic diagram of the test apparatus

Figure 3. The photo of the experimental platform: 1 Test section, 2 Water
chilling unit, 3 Tank, and 4 Flowmeter

2.1.1. The Fouling Resistance

As indicated in Eg. (3), the fouling resistance Ry is
calculated from the initial value of the heat transfer
coefficient and its value at t>0.

_ 1
Rf*Kf K. ©)
o TW*TB> (Tw*Tb>
R, = - 4
! ( g /, g /. @)

Where K. is overall heat transfer coefficient when the heat
exchange surface is clean. At this point, sodium bicarbonate
(NaHCOg3) and calcium chloride (CaCl,) powders are
dissolved in deionized water. K; is overall heat transfer
coefficients at time t > 0.

Q is the enthalpy increment of solution flowing through
the test section by the solution. A is the heat transfer area,
and Ty, is the log mean temperature difference between the
wall and bulk fluid temperature. Because the coefficient of
thermal conductivity of copper tube is higher, and the wall

temperature of copper tube is average temperature of the
different measured points along the pipe axis, T, can be
deduced based on the following formula.

T =T, — 2og 2 ©
Q=mC,(Tp—Tp) (6)
Q=pVC,(Tr—Tp) (7)
q=K, (1.~ To 3 Tn) ©

Where m is the solution mass flow rate, and V is the
solution volume flow rate. Ty, and Ty are the outlet and inlet
temperatures respectively, and C;, is the specific heat of the
solution. p is the solution density at average temperature,
and characteristic temperature of the solution T; can be
represented as arithmetic mean value of Ty, and Tg. Therefore
by measuring the volume flow rate and bulk fluid
temperature of the solution, then looking up the relevant
physical parameters of the solution, the heat transfer
coefficient and fouling resistance can be calculated.

2.1.2. Experimental Uncertainty

The measurement instruments used in this study include
sheathed thermocouple, absolute pressure transducers, and
turbine flowmeter, which are calibrated to relevant national
standards. The experimental uncertainties associated with
sensors in use and calculated parameters are listed in Table 1.
The uncertainty is obtained from the correlative calculations.

Table 1. Accuracy for sensors and parameters

Sensors & Devices Measurement range Uncertainty
Sheathed
Thermocouple -20-500°C <0.2¢
Pressure transducers 0-5MPa 0.2% of full scale
Turbine flowmeter 0.06-0.6 m*/h 0.1% of full scale
Enthalpy increment 0.6-1.2 KW <5.3%
Fouling resistance  (1.26-3.25) 10™ m? k/W <9.1%

Turbidity 0.01-4000NTU 0.2% of full scale

2.2. Preliminary Experiment for Inspection System
Accuracy

Before the fouling experiment, in order to test the
reliability of the experimental apparatus, especially the
accuracy of the temperature and flow parameter
measurement, a series of preliminary experiment for
inspection system accuracy were conducted. These
experiments included thermal equilibrium experiment and
the forced convective heat transfer experiment.

2.2.1. Thermal Equilibrium Experiment

The deionized water is circulated to the test section from
tank by pumping it through test section. Electrical heating
belts of winding outside of test section gone into operation,
outlet temperature began to improve. When the outlet
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temperature of deionized water achieves to a desired value,
flow rate and other important experimental data were
recorded. According to the Eq.(7), the enthalpy increment
Q of solution flowing through the test section can be
calculated. Then it is compared with electrical heating power
P which can be calculated through the product of voltage
and current value, and the relative error of the two results can
be calculated. The main purpose of this experiment is to
determine heat insulation effect of the test section.

2.2.2. Forced Convection Heat Transfer Experiment Inside
Tube

Firstly Nusselt number Nu; of forced convection heat
transfer inside tube through experiments can be tested.
Secondly the other Nusselt number Nu, can be calculated
based on experimental correlation such as Gnielinski
formula mentioned in many heat transfer textbooks. Then the
absolute value of relative error of two Nusselt numbers
obtained in different ways can be calculated. The main
purpose of this experiment is to investigate reliability and
scientificity of the parameters such as wall temperature and
flow measurement.

mC, (Ty—Ty)

Nu, =
ai(r,— Torm)

©)

d\2 Pr, 0.11
_ . 0.87 __ . 0.4, al\s | (£Fr
Nu; =0.012 - (Re) 280) - PrY {1 + <L> } (Prw) (10)

Where T; is characteristic temperature of the solution, and
it can be expressed as arithmetic mean value of Ty, and Tg. Ty
is the average temperature of the copper tube wall. Nu; is the
Nusselt number of forced convection heat transfer inside
tube calculated according to the experimental data can be
tested. Nu, is the other Nusselt number can be calculated
based on experimental correlation. Re; is Reynolds number.

020 T T T T y, T

Thermal equilibrium error

0.154 —O— Nusselt numbers error -
0.10 1 o a!
0.054
0.00 +

-0.05 1

absolute value of relative error

'0.10 T T T T
0.2 0.4 0.6 0.8 1.0

flow velocity (m/s)

Figure 4. Experimental results of heat balance and forced convection heat
transfer

It can be seen in Figure 4 from the absolute value of

relative error of the thermal equilibrium between enthalpy
rise and electrical heating power. The maximum error is
9.3%, and average error is 6.4%. They are both less than 10%.
Therefore, it shows that the heat preservation effect is good,
and reliability and scientificity of the parameters such as
solution temperature and flow measurement are very well.
Thermal equilibrium experiment is necessary. Paakkonen et
al. pointed out that an important part of the uncertainty
analysis for heat transfer experiment was an energy balance.
The experimental data should satisfy the energy balance
within experimental uncertainty and within a reasonable
range of error. It can also be seen in Fig. 3 from the
calculation results that the absolute value of relative error of
the two Nusselt numbers obtained in different ways. The
maximum error is 9.7%, and average error is 6.8%. They are
both less than 10%. Therefore, it shows that reliability and
scientificity of the parameters such as wall temperature and
flow measurement are very well. Much deeper fouling
research can be carried out based on this experimental
system.

3. Results and Discussion

3.1 Fouling Resistance Changing with the Heat Flux

When the inlet temperature of solution keeps constant, the
global fouling resistance Ry is directly related to the heat flux
g and flow velocity u according to the Eqg. (3), Eq. (5) and Eqg.
(8). Therefore, in order to investigate the effect of the heat
flux on fouling resistance at approximatively equal initial
wall and bulk temperatures, it is necessary to keep flow
velocity constant. The initial wall temperature of the heated
copper tube is a result of the heat flux and flow velocity
when the bulk temperature is constant. This series of
experiments mainly investigated effect of heat flux and flow
velocity on fouling. Experimental conditions are listed as
follows: Avtificial high hardness of solution is 100 dm®, and
solution hardness is 1000°. In the studied case firstly, the
fouling rate increases with the increasing heat flux when the
flow velocity remains 0.50 m/s. The input voltage of electric
heating zone was adjusted each in order that heating capacity
was set at 600,800,850,1200W. Thus, the heat flux was 9.95,
13.3, 14.1, 19.9 kW/m? under the premise of no heat loss of
the test section. When the scale is deposited on the inner wall,
the scale deposition gets more and more thick. Therefore, the
wall temperature of the heated copper tube becomes more
and more high. The variation trends of wall temperature are
clearly seen in Figure 5. The variation trends of fouling
resistance can be shown in Figure 6.

In this studied case, the fouling resistance increases with
the heat flux increasing when the flow velocity remains
constant. Because the inlet temperature of the test section
remains unchanged basically, the variation trend of heat flux
and the wall temperature should be consistent. Therefore, it
can be considered that the fouling rate increases with the
increasing wall temperature of copper tube. Comparing the
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two experiments that the heat flux is 13.3 and 19.9 KW/m?,
the fouling resistance of copper tube wall can be calculated
according to the experimental data. After the experiment for
10 hours, the wall temperature of copper tube of higher heat
flux experiment is higher 22.4%. Correspondingly, the
fouling resistance of higher heat flux experiment is higher
87.8%. In addition, it is worth noting that heat flux has great
influence on the length of the induction period for the fouling
process. As can be seen from Figure 6, tj,q decreased from
1.82 hours to 0.62 hours when the heat flux increased from
13.3 KW/m? to 19.9 kW/m?,
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Figure 5. The variation trends of wall temperature
T T T T T T T T T T T T
3.0 1
4 w
2.54 ﬁﬁ"’: o)
~ ] w
= wY v —
< 2.04 ' .
W aasa st s
§ 1.5 ﬁ"" *- '::‘.".'?. -
W o
g 1.04 j' s n e -
< N oAl
2 054 'f ) " g=9.95KW/m" | -
£ 1 Y ihg o— q=13.3KW/m’
@ 004 v'\{ﬁ q=13.3 m‘ ]
5 1 '."??,‘ q=14.1KW/m"
& 081 |t v— q=19.9KW/m’ | ]
5 ™ ‘ind |
'10 T L4 T T ¥ T Ly T
0 2 4 6 8 10 12
Time (hr)

Figure 6. The fouling resistance under different heat flux

3.2. Fouling Resistance Changing with Bulk Fluid
Temperature

These experiments investigated mainly the effect of Ty, on
the calcium carbonate scale formation process. Experimental
conditions are listed as follows: Artificial high hardness of
solution is 100 dm®, and solution hardness is 1000°. The flow
velocity remains 0.74 m/s. The input power of electric
heating zone was set to 1200W. Thus, the heat flux was
19.9 kW/m? under the premise of no heat loss of the test
section. The two experiments were carried out in different
environment temperature. Experiment 2 was done in autumn

when ambient temperature is higher. So the inlet temperature
of solution is higher compared with Experiment 1 that
was performed in winter. The variation trends of fluid
temperature and wall temperature are clearly seen in Figure 7.
The variation trends of fouling resistance can be clearly seen
in Figure 8. T, has important influence on the calcium
carbonate scale formation process. The solubility of calcium
carbonate in solutions was directly influenced owing to
changes of T,. The fouling resistances increase with the
increasing of Tp. When T, increases from 24°C to 28°C, the
fouling resistances increase from 1.46x10™* m’K/W to
3.01x10 m*K/W. Relatively the increase rate is 106.8%.
In addition, it is worth noting that T, has great influence on
the length of the induction period during the fouling process.
As can be seen from Figure 8, tj,g is 3.61 hours when Ty, is
24°C. When T, increases from 24°C to 28°C, t;,q decreased
to 2.21 hours.
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Figure 7. The variation trends of bulk fluid temperature and
temperature based on Experiment 1 and 2

wall

324 g
2.8 |
2.4
2.0 . ]
1.6
1.2
0.8
0.4
0.0
-0.4
-0.8

Fouling resistance (cmz-k/W )

Time (hr)

Figure 8. The fouling resistance under different bulk fluid temperature

3.3. Fouling Resistance Changing with the Flow Velocity

In the studied case, the law of fouling rate change with
the increasing flow velocity is investigated when the wall
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temperature remains constant. In order that the wall
temperature and the bulk fluid temperature remain almost
equal, flow velocity u is set to 0. 50 m/s and 0.74 m/s,
respectively. Correspondingly, heat flux is set to 14.1 kKW/m?
and 19.9 KW/m?. Initial hardness of solutions is 1000°.
Other experimental conditions remain equal. As can be seen
from Figure 9, the fouling resistances decrease with the
increasing flow velocity. When u increases from 0. 50 m/s to
0.74 m/s, the fouling resistances decrease from 2.1x10*
m?K/W to 1.51x10™* m?K/W.

This can be explained by increased shear forces at the
fouling liquid-solid interphase which prevent the depositing
material from adhering to the internal surface of copper tube
at higher velocities. It is worth noting that the induction
period increases with the flow velocity. The induction period
ting €xtends from 1.2 hours to 4.0 hours with u increasing
from 0. 50 m/s and 0.74 m/s.
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Figure 9. The fouling resistance under different flow velocity

4. Correlation Degree Analysis of
Influencing Factors

There are a few key parameters that need to be considered
such as velocity, heat flux, Bulk temperature of fluid, surface
temperature, Surface material, pH, Solution hardness,
Surface roughness [23,24]. It is not very clear that the degree
and action rule of these factors on scaling process at present.
It is very important to design experiments and arrange the
experiment data if we understand clearly the correlation
between the different influencing factors and the scale
thermal resistance. Grey relational analysis method is an
important branch of grey system theory. This method can
judge the relationship between different sequences based on
the degree of similarity of geometric shape of the sequence
curve. Grey relational analysis has obvious advantages for
dealing with complex relationship using small amounts of
data [25,26]. Grey relational analysis method is used to
analyze various influence factors quantitatively. The method
can rank parameters that has important influence on fouling
resistance.

The fouling resistances of scale precipitated are used as
reference sequence xq(k), k=1,...,8. According to the results
of previous studies, and referring to relevant literature,
heat flux, bulk fluid temperature, flow velocity and solution
hardness are used as comparative factor sequence Xx;(k),
iEI={1,....4}; kEK={1,...,8}. The table contains multiple
sets of data. The effect of four factors on fouling resistance is
investigated. First, because different factors have different
dimensions, dimensionless treatment of influencing factors
is necessary in order to compare the extent of these factors.

For x;(1)#0,
£ =20 = 3,0 1)

According to the expression of grey correlation coefficient,
the following calculations can be carried out. Here grey
correlation coefficient ¢ equals 0.5:

Amin + SAmax
r(x()(k)axi(k)): A (k)+8A
0i 'max

Aoi (k) = |x0 (k) — x: (k) |

wy 1S the weight coefficient of index k. It satisfies the
following conditions: 0= w, =1,

iwkzl
k=1

According to the expression of grey correlation degree,
grey correlation degree of X, to x; can be expressed as
follows:

(12)

r(xo,%x;) = Zwk’”(xo (k),x; (k)) (13)
k=1

Here w=0.125, grey correlation degrees of four key
factors to fouling resistance are calculated based on 8 sets of
experimental data. The correlation between the four factors
and fouling resistance is listed in Table 2. According to the
order of correlation degrees values, different factors are
ranked as follows: heat flux, Ty, solution hardness and flow
velocity. It can be concluded that the correlation between
heat flux and fouling resistance is the highest. If the scale of
heat exchanger surface is intended to decrease in industry, it
is necessary to reduce the heat flux and the bulk fluid
temperature. This is helpful for engineering design in the
field of heat transfer.

Table 2. Grey correlation degrees of four key factors to fouling resistance

Factors r (xo 5 xi)
Heat flux 0.6872
Flow velocity 0.5933
Th 0.6584
Hardness 0.6366
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5. Type of Fouling Deposited on the
Inside Surface of the Copper Pipe

According to the detailed statistics and collation of the
experimental data, an important repeated phenomenon was
found. In each experiment, the solution changes from clear to
turbid slowly. Transparency of the experiment solution was
closely observed during the process of each experiment.
From the timing starts when NaHCO; and CaCl, are
dissolved in deionized water, the critical time t, when
solutions change from clear to turbid is recorded. The
variation curve of fouling resistance is drawn out after each
experiment is completed. The induction period tj,y when
fouling resistance increases from zero is approximately equal
to this critical time to. This discovery can help to explain the
type of fouling which was deposited on the inside surface of
the copper pipe.

Fouling is wusually classified into six categories
depending on key physical or chemical process essential
to the particular fouling mechanism. The categories are
crystallization, particulate, chemical, corrosion, biological
and solidification. Among those crystallization fouling
accounts for over 25% of the fouling problems encountered
in the field of industry and agriculture. Crystallization
fouling, or scaling, occurs when inverse solubility salts that
are originally dissolved in the process fluid, and deposits on
heat transfer surface. Considered two types of fouling are
usually obtained under boiling and evaporation: one of them
is crystalline deposit caused by precipitation from solutions
of mineral salts, and the second is deposition of suspended
particles carried by the main liquid flow in the heat
exchanger. The former is called crystallization fouling, and
the latter is particulate fouling. The difficulty in generalizing
experimental data on two types of fouling lies in its
dependence on many factors such as characteristic of the
fouling fluid, flow velocity, temperature of heat transfer
surface and bulk fluid, heat flux, materials and geometry of
heat transfer surface, and etc. In the crystallization fouling
experiment performed by Peyghambarzadeh et al. a suitable
in-line filter was installed before the test section to remove
all probable CaSQO, particles from the test fluid, and the
purpose was to avoid any interference of suspended particles
in the crystallization fouling experiment [13]. These two
types of fouling included crystallization fouling and
particulate fouling will be interrelated in the formation
process, and they may be some connection under certain
circumstance.

The concentration of calcium ion dissolved state in
solutions is measured according to “EDTA Titrimetric
Method” at regular intervals during the fouling experiments.
In addition changes of the turbidity of the solution are also
recorded at regular intervals. The change curves of the

fouling resistances are drawn every time after the experiment.

Comparing the results of these experiments some common
law was found. Changes of the turbidity of the solution and
scale deposits on inner wall of copper tube have a very close

connection. Once the solution begins from clear to slightly
turbid, the fouling resistance begins to increase. Paakkdnen
and Riihimaki et al. [7] also observed a similar phenomenon:
The solutions were observed visually having the change of
turbidity of the test fluid in the mixing tank. During their
experiments with lower fluid temperature, the bulk fluid was
quite clear with lower turbidity, while in the experiments
with higher fluid temperature the bulk fluid was very turbid.
During all the experiments with filters, the bulk fluid was
visually observed clear.

Table 3. Operating conditions of two representative experiments

Key parameter Experiment 3 Experiment 4

u (m/s) 0.50 0.74
Hardness 750 1000
q (KW/m?) 14.1 19.9
tina (D) 5.53 349
v (dmd) 100 100
25 T T T T T T 420
Experiment 4 @‘M\ ] ggg
- 2.0 Experiment 3 {‘fﬁ@ 1330
= Experiment 3 ]
2 i & 300
1.5 Experiment 4 - & e 1270 =
§ V- J240 £
3 101 &5 {210 €
g —F & 1180 2
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Figure 10. The heat resistance and turbidity of Experiment 3 and 4

Two representative experiments are selected to illustrate
these laws. Key parameters in Experiment 3 and Experiment
4 are listed in Table 3. During the experiments this moment
when the solution begins from clear to slightly turbid was
recorded. The induction period recorded in Experiment 3 and
Experiment 4 are 5.53 and 3.49 hours respectively. It can be
seen from Figure 10, the moment when turbidity changes
and the time when fouling resistance increases are very
consistent. In addition, the moment when turbidity changes
are precisely recorded. Perhaps a few calcium carbonate
particles in the solution already occurred before
experimenter can observe.

It is found that the changing process of solutions from
clear to turbid is similar after many observations according
to different fouling experiments. There are two important
steps in the formation of scale deposited on the inside surface
of the copper pipe. Firstly, the solution becomes turbid from
clear. This means that a large number of suspended particles
is present in the solution. Secondly, the suspended particles
in the solution precipitated on the heat transfer surface. The
scale deposited on the inside surface of the copper pipe can
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be named composite fouling included crystallization fouling
and particulate fouling from the scale of the entire formation
process [27,28]. There are essential differences between the
composite scale mentioned here and the composite scale
mentioned in the literature [22]. The definition of scale type
here is based on the whole process of scale precipitated from
solution and deposited on the heat transfer surface, while the
latter refers to a mixture of CaCO3 and CaSQ, crystals.

6. Conclusions

In the present experiments, fouling processes under
different parameters were systematically studied. The type
of fouling which was deposited on the inside surface of
the copper pipe was also discussed in detail. In order to
accelerate the fouling, artificial hard water was prepared by
using a mixture of NaHCO; and CaCl, in this experimental
setup. The test was conducted at various heat fluxes of the
solution. The bulk fluid temperature and flow velocity were
varied to study the effects on fouling. The following
conclusions can be drawn from the present experimental
investigations:

The fouling resistance increases with the heat flux
increasing when the flow velocity and inlet solution
temperature remains constant. While the length of the
induction period decreases with the heat flux increasing. The
bulk fluid temperature has important influence on the
calcium carbonate scale formation process. When bulk fluid
temperature increases from 24°C to 28°C, the fouling
resistances increase from 1.46x10™ m?K/W to 3.01x10™
m? K/W under the same flow velocity and solution hardness.
The fouling resistances decrease with the increasing flow
velocity. The correlation degrees between the four factors
and fouling resistance are calculated based on grey
relational analysis method. The effect of heat flux on the
fouling process is the highest, and the bulk fluid temperature
is secondary. Calcium carbonate crystal particles
precipitated out from the metastable solution, which should
be called crystallization fouling according to the definition of
fouling categories. Meanwhile, the type of fouling deposited
on inside surface of copper pipe from microparticles in
solution can be defined as particulate fouling. Therefore, the
fouling which was deposited on the inside surface of the
copper pipe can be named composite fouling included
crystallization fouling and particulate fouling.

Nomenclature

A heat transfer area, m?

d inner diameter of the copper tube, m

K heat transfer coefficient, W/(m?K)

Ke heat transfer coefficient under clean condition,
W/(m?K)

Ks heat transfer coefficient under fouling condition,
W/(m?K)

m the solution mass flow rate

Nu Nusselt number

P electrical heating power, W

R fouling resistance, m?K/W, cm? K/W
Q enthalpy increment of solution

q heat flux, W/m?

r grey correlation degree

Ty bulk fluid temperature, °C

Ts inlet temperature, °C

Tto outlet temperature, °C
Tim the log mean temperature difference, °C
t time, s

ting induction period

1o the critical time

u flow velocity, m/s

\Y solution volume flow rate, dm*h

v solution volume, dm?
Greek symbols

p solution density, kg/m?

A Coefficient of thermal conductivity, W/(m K)

o the weight coefficient of index

& grey correlation coefficient
Subscripts

c clean condition

f fouling condition

ind induction period

t experiment running time

w wall inside of copper tube

b bulk fluid state

fi inlet of solution

fo outlet of solution

Im Logarithmic mean temperature difference
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