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a b s t r a c t
The technology of falling film evaporation outside horizontal tubes has been widely used in thermal 
desalination plants with advantages of the high heat transfer coefficient and low heat consumption. The 
seawater fouling during falling film evaporation outside horizontal tubes limits the increment of the top 
brine temperature and seriously reduces the heat transfer coefficient. This paper presents an experimental 
study of the heat transfer surface temperature effect on the seawater fouling process during falling film 
evaporation. Dalian local seawater is selected as the working agent. The scale growing curves under 
different conditions are obtained by weighting the scale mass at different time during fouling. The mor-
phology and composition of scale layer are analyzed through a scanning electron microscopy and an 
energy dispersive X-ray spectroscopy. The results show that there exists no significant fouling process 
for the tube surface temperatures of 50°C and 53°C, but for the tube surface temperature over 53°C, the 
scale asymptotic value increases significantly. The tube surface temperature plays an important role on 
the content of Ca and Mg in scale layer. The content of Mg is greater than that of Ca for the tube surface 
temperature of 70°C, but it is opposite for the tube surface temperatures of 50°C and 60°C. The content 
of Mg increases with the tube surface temperature. For the tube surface temperature of 70°C, the content 
of Ca is smaller than that for the tube surface temperatures of 50°C and 60°C.
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1. Introduction

The shortage of freshwater in China is a serious problem.
Seawater desalination technology can help to increase the 
total amount of freshwater, which provides a good solution 
to the shortage of freshwater. With unique advantages, low 
temperature multieffect evaporation seawater desalination 
technology has developed rapidly. Fouling on the outside 
surfaces of tubes in falling film evaporators is a key factor 
which reduces the heat transfer efficiency and limits the 
increase of the top brine temperature.

Scholars performed a lot of researches on fouling process. 
These studies focused on various properties, such as material, 

temperature, spray density and ion concentration [1]. Kern and 
Seaton [2] first presented the concept of net fouling rate which 
was the difference between deposition and removal rate in 1959. 
Kern–Seaton model for particle fouling was proposed. A turbu-
lent model with non-equilibrium wall functions was used in a 
3D numerical simulation to get the Nusselt number and wall 
shear stress, and the Von-Karman analogy was used to get the 
mass transfer coefficient [3]. Xu et al. [4] investigated the par-
ticulate fouling removal mechanism, explained the formation 
of induction step, redefined the initiation of fouling, and devel-
oped a predictive model by means of the turbulent burst theory 
[5]. Chan and Ghassemi [6] proposed a multispecies transport 
model to predict the calcium carbonate deposition. An ion dif-
fusion model was proposed by the combining deposition pro-
cess of Hasson et al. [7] with transfer theory. Wang et al. [8] 
developed a predictive model of CaCO3 scaling rate.
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Many experiments on scale formation were also carried 
out. The fouling periods of CaCO3 on cooper, aluminum, 
stainless steel and aluminum plating steel under different 
conditions were tested and compared. The results showed 
that the material, concentration, temperature and velocity 
were primary factors on the fouling period [9]. During the 
experimental study of crystallization fouling, Zhao [10] 
mainly focused on the effect of different external conditions 
on the scale formation, types and properties by using an 
X-ray diffraction, and a scanning electron microscopy (SEM).
In addition to the tube surface temperature and material, Liu
[11] systematically discussed the effects of surface roughness,
modification, free energy and corrosion on the formation and
adhesion of the calcium carbonate crystalline on metallic heat
transfer surfaces.

In the actual operation of heat exchange equipment, the 
length of scale induction period is very significant. By dis-
tinguishing the induction period of scaling (IPS) and crys-
tallization, a mathematical model was established for IPS of 
CaCO3 which heterogeneously nucleated on heated surfaces 
[12]. The relationships between IPS and surface super satu-
ration, surface temperature, flow velocity and other surface 
properties were obtained through computation. The fouling 
induction period of CaCO3 was studied through micro video 
technology by Liu and Wang [13]. The rates of nucleating and 
nuclei growing were measured under various conditions. 
CaCO3 fouling behaviors in both recirculated cooling water 
and pool boiling systems were studied by Yang et al. [14], 
in which the fouling morphology was analyzed through an 
SEM and an atomic force microscopy. The fouling character-
istics in cooling water system, as well as the removal of scale, 
for both induction and post-induction periods, were investi-
gated. Qiu et al. [15] gained the fouling induction periods in 
three kinds of heat exchangers made of stainless-steel, tita-
nium and copper through experiment, and studied the effect 
of surface energy on fouling induction period by theoretical 
analysis. Li et al. [16] analyzed the effect of some parameters, 
such as saturation, temperature, flow velocity, the existence 
of Mg2+ and SO4

2–, on CaCO3 fouling induction period.
Although there were so many studies performed on 

fouling process, a few of those focused on seawater fouling. 
With the rapid development of seawater thermal desalina-
tion technology, the researches on seawater fouling were 
not enough to be used as a direct guidance for the design 
and operation of desalination plants. Seawater fouling pro-
cess under actual operating conditions should be paid more 
attention. An experimental study is carried out on seawater 
fouling process during falling film evaporation according 
to actual industrial operating conditions in this paper. The 
results given out could help to set up a complete guidance 
for engineering design and practical operation of seawater 
thermal desalination plants.

2. Experimental system

The experimental system is shown in Fig. 1. The working
fluid used is Dalian local seawater with the concentration of 
3.5%. The tube material is aluminum alloy. The experiment 
is performed under the atmospheric pressure. Seawater is 
preheated in a heating tank to the required temperature by 
an electric heater, and then is transmitted to an upper tank 

by a pump. An overflow plate is arranged in the upper tank 
which helps to maintain the stable level of seawater surface. 
The overflowing water returns to the heating tank for recy-
cling. Through a flow meter, seawater flows from the upper 
tank into a spray pipe inside the falling film evaporator, and 
then sprays on the outside of the horizontal heating tubes. 
After being evaporated, the concentrated brine flows into 
a measuring tank and a storage tank in turn, and then it is 
drained off. The scale mass (ΔM) is recorded through weigh-
ing the mass of the dried heating tube by an electric balance 
(with an accuracy of 0.01 mg) at different time. The feed sea-
water temperature, the spray seawater temperature and the 
tube surface temperature are measured by thermocouples. 
The salinity of seawater is measured by a salinometer.

3. Results and analysis

3.1. Growing curves of scale

The seawater concentrations are 3.5% and 7%. The spray 
densities (Γ) are 0.03, 0.06 and 0.08 kg/(m•s) respectively. The 
tube surface temperatures (t) are 50°C, 53°C, 60°C, 63°C, 70°C 
and 73°C, respectively. The experimental results are shown 
in Figs. 2–5.

Figs. 2–4 present scale growing curves under different 
tube surface temperatures and spray densities with the sea-
water concentration of 3.5%. It is concluded that scale mass 
with the tube surface temperature of 73°C is the biggest and 
the second big one is with the tube surface temperature of 
70°C. For the tube surface temperatures of 63°C and 60°C, the 
scale masses are very close. For the tube surface temperatures 

Fig. 1. Diagram of experimental system: 1, Pump; 2, heating 
tank; 3, measuring tank; 4, electrical heater; 5, upper tank; 6, flow 
meter; 7, evaporator; 8, thermocouples; and 9, storage tank.
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of 53°C and 50°C, the scale masses are a bit lower than zero, 
which presents the erosion rate is a bit higher than the scale 
deposition rate.

Fig. 5 presents the scale growing curves under the spray 
density of 0.03 kg/(m•s) and the seawater concentration of 
7%. It is given out that scale mass increases with the tube sur-
face temperature. For the tube surface temperatures of 53°C 
and 50°C, vary with that of the seawater concentration of 
3.5%, the scale mass is slightly over zero, which presents that 
the erosion rate is smaller than the scale deposition rate. This 
is because the scale deposition rate increases greatly with the 
seawater concentration. 

3.2. Scale layer analysis

Effects of the spray density on structure, composition and 
morphology of scale layer are investigated by an SEM and an 

energy dispersive X-ray spectroscopy (EDXS). Figs. 6–8 show 
the scale structures with the magnification times of 300, 500, 
1,000 and 5,000 under the spray density of 0.06 kg/(m•s), the 
seawater concentration of 3.5% and the tube surface tempera-
tures of 50°C, 60°C and 70°C. The X-ray fluorescence is used 
to test the percentage of Ca and Mg in scale layer.

It can be seen from Figs. 6–9, when the tube surface tem-
perature is 50°C, there presents some scale particles on the 
tube surface and part of those form into big scale aggrega-
tions. With an EDXS, the main component of scale is CaCO3 
and the content of which is much higher than that of Mg(OH)2. 
When the tube surface temperature is 60°C, there are bigger 
scale particles on the tube surface and the main component 
of scale is also CaCO3. But the content of Mg(OH)2 is greater 
than that with the tube surface temperature of 50°C. When 
the tube surface temperature is 70°C, there are much more 
scale particles on the tube surface and part of those form into 
bigger clumps. The content of Mg(OH)2 is greater than the 

Fig. 2. The growing curves of scale under different tube surface 
temperatures with the spray density of 0.03 kg/(m•s) and the 
seawater concentration of 3.5%.

Fig. 3. The growing curves of scale under different tube surface 
temperatures with the spray density of 0.06 kg/(m•s) and the 
seawater concentration of 3.5%.

Fig. 4. The growing curves of scale under different tube surface 
temperatures with the spray density of 0.08 kg/(m•s) and the 
seawater concentration of 3.5%.

Fig. 5. The growing curves of scale under different tube surface 
temperatures with the spray density of 0.03 kg/(m•s) and the 
seawater concentration of 7%.



X. Liu et al. / Desalination and Water Treatment 136 (2018) 1–64

Fig. 6. The SEM images under the tube surface temperature of 50°C, the seawater concentration of 3.5%, and the spray density of 
0.06 kg/(m•s), 10 h running.

Fig. 7. The SEM images under the tube surface temperature of 60°C, the seawater concentration of 3.5%, and the spray density of 
0.06 kg/(m•s), 10 h running.
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content of CaCO3 and greater than that with the tube surface 
temperatures of 50°C and 60°C. The content of CaCO3 is 
smaller than that with the tube surface temperatures of 50°C 
and 60°C.

4. Conclusions

Dalian local seawater is used as the working agent. The
scale growing curves under different conditions are obtained 
through weighting the scale mass at different time during 
fouling processes. The morphology and composition of scale 
layers with different tube surface temperatures are analyzed 
through an SEM and an EDXS. The results are concluded as 
follows:

• For the seawater concentration of 3.5%, the erosion rate
is higher than the scale deposition rate. For the seawater
concentration of 7%, the erosion rate is smaller than
the scale deposition rate. The deposition rate of scale
increases greatly with the seawater concentration.

• The content of Mg is greater than the content that of Ca
for the tube surface temperature of 70°C, but it is oppo-
site for the tube surface temperatures of 50°C and 60°C.

Fig. 8. The SEM images under the tube surface temperature of 70°C, the seawater concentration of 3.5%, and the spray density of 
0.06 kg/(m•s), 10 h running.

Fig. 9. The calcium and magnesium percentages in scale layer 
under the seawater concentration of 3.5%, the spray density of 
0.06 kg/(m•s), and the tube surface temperatures of 50°C, 60°C 
and 70°C.
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The content of Mg with surface temperature 70°C 
increases with the tube surface temperature. For the tube 
surface temperature of 70°C, the content of Ca with sur-
face temperature 70°C is smaller than that with for the 
tube surface temperatures of 50°C and 60°C.
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