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Abstract-Inferior heat transfer efficiency and severe fouling precipitation have been the troublesome problems for shell-and-tube heat
exchangers. As a typical type of tube insert, the helical blade rotors (HBRs) can achieve heat transfer augmentation and fouling
mitigation in heat exchanger. In this work, the numerical simulation regarding to the anti-fouling property of HBRs in circular tube was
conducted. The numerical method was verified accurate in comparison with the results in literature prior to the simulation. The results
showed that in the process of the crystallization of the fouling the deposition rate decreased and the removal rate increased, and
eventually they tended to be stable and reached a dynamic balance; the deposition rate, the removal rate, the net rate and the thermal
resistance in tube with HBRs was lower than that in smooth tube, which means that inserting HBRs into the circular tube can
effectively prevent the deposition of crystallization fouling; moreover, the mass fraction of CaCl, in tube with HBRs was lower than
that in smooth tube, and in tube with HBRs it was not just lower near the tube wall but also near the HBRs, which illustrate that the
HBRs can enhance the mass transfer of Ca®* in circular tube, and the mass transfer of Ca®* towards the HBRs is enhanced, while the
mass transfer towards the tube wall is weakened.
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1. Introduction

Shell-and-tube heat exchangers, as one kind of high energy consuming equipment, are extensively applied in fields of
chemical production, petroleum refinery, power generation and metallurgy, and so on. However, the inferior heat transfer
efficiency and the severe fouling precipitation have been the intractable problems disturbing enterprises and even
industries and have caused large amounts of energy loss. Therefore, it is no time to delay to improve this situation by
taking effective measures.

The heat transfer enhancement technology is just an effective approach to resolve the problem. Heat transfer
enhancement techniques can be classified either as passive, which require no direct application of external power, or as
active, which require external power[1]. In comparison with the active techniques, the passive ones are applied more
widely in engineering. A variety of passive techniques have been developed, among which the tube inserts are the most
popular ones, this is because they can be installed and taken down with ease in existing tube bundles during the routine
maintenance without the need for replacing them. The tube inserts consist of several common types: coiled wire[2], static
mixer[3], vortex generator[4], and twisted tape[5].

In the aspect of fouling mitigation with tube inserts, a few of meaningful research work has been carried out. Han et al.
[6] numerically studied the deposition process of CaSO, fouling in the rectangular channel with half-cylinder vortex
generators and investigated the fouling characteristics under different operation conditions and structures such as the
concentration of CaSO,, the wall temperature, the inlet velocity, the length, the radius and the spacing of the half-cylinder
vortex generators. Hasan et al. [7] carried out an experiment to study the effect of surface enhancement on the
crystallization fouling in a double pipe heat exchanger by installing a coiled wire insert on the inside or outside surface of
the inner tube. Pahlavanzadeh et al. [8] investigated the effect of two tube inserts (wire coil and wire mesh) on the heat
transfer enhancement, pressure drop and mineral salts fouling mitigation in tube of a heat exchanger. The results revealed
that wire coil insert with vibration mitigated mineral salts fouling (scaling) about 34%, and wire mesh had no effect on
scaling. Yang et al. [9] investigated a cleaner-augmenter (a spiral wire) on the internal surface of a tube. The results
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showed that the cleaner-augmenter enhanced heat transfer in single phase flow and removed fouling from the heat

exchange surface.
As a novel kind of tube insert, helical blade rotors (HBRs) was proposed by Yang et al. [10]. The installation of HBRs

in circular tube is shown in Fig.1. When water flows through the tube, it could impact the HBRs rotate around the support
shaft to achieve heat transfer augmentation and scale prevention.

fixed mount support shaft HBR banking pin

Fig.1: Installation of HBRs in circular tube.

With regard to the thermo-hydraulic characteristics of the HBRs, much research has been done[11-13], while for the
fouling mitigation performance, attention has been paid insufficiently. The formation of crystallization fouling is a
complex physicochemical process that contains heat and mass transfer, and the numerical simulation (CFD) has great
advantage in studying such process. Therefore, in this work we adopt the numerical method to investigate the mass rate,
thermal resistance and concentration distribution in circular tube inserted with HBRs to reveal the anti-fouling property of

the HBRs.

2. Numerical Simulation

2.1.Geometric Model
The geometrical models ofthe circular tube and the HBR are built with SOLIDWORKS,and theirgeometrical

parametersare shown in Fig.2. The circular tube has a length of 1500mm, and a diameter of @24mm.The length of the
HBR is 27.5mm, the diameter of the central axis is 4mm, and the rotational diameter of the blade is 20mm. Fifty HBRs in
series are inserted into the circular tube. The dimensions of the smooth tube for comparison are the same with that of the

HBRs-equippedcircular tube.

O24mm

1500mm

020mm

o.“‘“\

27.5mm

Fig.2: Geometrical parameters of the circular tube and the HBR.

2.2. Governing Equation
The governing equations for continuity, momentum, energy and species can generally be expressed as follows:

%+di\(pu¢)=div(r¢grad¢)+s¢ €

125-2



Where, ¢ is the generalized variable, and it represents the variables of u, v, w T, ¢; T} is the generalized diffusion
coefficient, and S, is the generalized source term.

2.3.Solution Methods and Boundary Conditions

The geometric and mathematical models are numerically solved in the commercial software ANSYS FLUENT 14.0.
The standard k-¢ turbulence model and standard wall functions are selected to calculate the flow field and temperature field
in the circular tube, and the species transport model and wall surface reaction are used for solving the concentration field.
The pressure-velocity coupling scheme is SIMPLE. The spatial discretization method for pressure is standard, and for
momentum, turbulent kinetic energy (k), turbulent dissipation rate (g), species and energy, it is second order upwind. The
convergence criterion of residual for continuity is 110, and residuals for other variables are 1x<10°.

At the inlet, it is the velocity inlet boundary condition: the velocity magnitude is 0.3686m/s (equivalent to volume
flow rate 0.6m*/h), the temperature is 300K, and the concentration of the CaCOj3 solution is 800mg/L; at the outlet, it is the
outflow boundary condition; at the tube wall, it is the no slip stationary wall, and the wall temperature is 320K; at the wall
of rotors, it is the moving wall, the rotational speed of the rotors is acquired by experiment, and it is adiabatic at the
solid/fluid interface.

The crystallization model of CaCO3z employed in this work is same with that in literature[14]. The time step At is
selected as 3600s, which is considered to be appropriate for deposition process of the fouling. Within the first time step
t=0-3600s, the mass of the deposited fouling is m=myAt  the mass removal rate M, =0, afterwards the mass of the

deposited fouling is calculated by equations (2) and (3):

)
m=my —m, @)
The mass removal rate M, is calculated from equation (4):
e =5 pr (L AATY (%) 251 "
The thermal resistance of the fouling can be modeled as:
Ri =m/(ps s ) (®)

Where, 4+ is the thermal conductivity of the fouling, and #+ is the density of the fouling.

2.4. Grid independence

The geometrical models are meshed with tetrahedron elements using ANSYS MESHING. To ensure the accuracy of
the simulation, a careful check of the grid independence is carried out. A finer boundary layer grid is applied at the tube
wall. The numerical result of the circular tube inserted with HBRs with different grid number is shown in Fig.3.
Considering both solution precision and computational cost, the grid with 3215222 elements is adopted.
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Fig.3: Check of grid independence.

3. Results and Discussion
3.1.Verification of Numerical Method

The verification of the numerical results in smooth tube is shown in Fig.4, among which (a) is the results in this work
and (b) is the results in literature[14]. The results are acquired in the circular tube that has a length of 2200mm and a
diameter of 22mm, and the operating conditions of the two cases are the same. It can be seen that the results in this work
match well with that in literature, which demonstrates that the numerical method used in this work is reliable.
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Fig.4: Verification of the numerical results.

125-4



3.2. Mass Rate and Thermal Resistance
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Fig.5: Mass rate of crystallization fouling.

The mass rate of crystallization fouling in tube with HBRs and smooth tube is shown in Fig.5. It can be seen that at
the beginning the deposition rate is high and the removal rate is low, while with the increase of time the deposition rate
decreases and the removal rate increases. The similarity which the deposition rate and the removal rate exhibit is that they
both gradually slow down and eventually tend to be stable with the increase of time, which means that the deposition rate
and the removal rate ultimately reach a dynamic balance. As is described in equation (3), the net rate is equal to the
deposition rate subtracted by the removal rate, so we can see that the net rate gradually decreases and approximates zero
when the deposition rate and the removal rate become stable. The results coincide with the whole physical process of the
crystallization of the fouling.

We can also see that the deposition rate, the removal rate and the net rate in tube with HBRs are all lower than that in
smooth tube. The reason why the removal rate is lower is that the removal rate is proportional to the total mass of the
fouling of the previous time step, and the total mass of the fouling of the previous time step is primarily determined by the
deposition rate. In fact, the removal rate in tube with HBRs is supposed to be higher than that in smooth tube, this is
because when the HBRs are inserted into the circular tube, the velocity of the fluid in annular space between the HBRs and
the tube wall would be increased, which undoubtedly results in a higher shear force and larger flushing action on the
fouling deposited on the tube wall, meanwhile the ceaseless rotation of the HBRs can to some extent scrape the fouling.
But the destruction on the fouling, which is brought about by the HBRs, is hard to be characterized quantificationally. So

we assume that the removal rate is still depicted in equation (4), and we only focus on the deposition rate. Anyway, the net
rate in tube with HBRs is lower than that in smooth tube.

15

——smooth tube
v tube with HBR

oV
wv?
v
v

0.6 F

03 F

thermal resistance/10™“m*Kw™

00 . . . .

0 10 20 30 40 50
time/h

Fig.6: Thermal resistance of crystallization fouling
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Fig.6 shows the thermal resistance of crystallization fouling in tube with HBRs and smooth tube. As we can see, with
the increase of time the thermal resistance of the fouling gradually increases until it reaches the maximum, the reason for
this result is that the thermal resistance is directly derived from the mass of the fouling, and the mass of the fouling
accumulates constantly with the increase of time, and when the net rate is close to zero, the thermal resistance maintains
stable. We can also see that the maximum value of the thermal resistance is lower in tube with HBRs than in smooth tube
when it is stable, which means that inserting HBRs into the circular tube can effectively prevent the deposition of
crystallization fouling.

3.3.Temperature and Concentration Distribution

Temperature Temperature

320.00 320.00
H 319.45 319.29
‘ 318.90 318.58

r318.34 - 317.87

317.79 317.16
317.24 316.45
316.69 315.73
316.14 315.02
315.58 314.31
315.03 313.60
314.48 312.89
[K] K]
(a) Tube with HBRs (b) Smooth tube

Fig.7: Temperature distribution.

The temperature distributions in tube with HBRs and smooth tube are shown in Fig.7. We can see that the cold fluid
in tube with HBRs is distributed more even compared with that in smooth tube, and the minimum temperature is higher in
tube with HBRs than in smooth tube, which indicates that the heat exchange between the cold fluid in the tube and the
heated tube wall is more intense, this is because the rotation of the HBRs can promote the mixing of the fluid in tube, thus
more cold fluid could be directly involved in the heat transfer between the fluid and the tube wall.

Cacl2.Mass Fraction Cacl2.Mass Fraction

0.000612 0.000818
0.000553 0.000738
0.000493 0.000659
0.000434  0.000579
0.000374 0.000499
0.000315 0.000420
0.000255 0.000340
0.000195 0.000260
0.000136 0.000181
0.000076 0.000101
0.000017 0.000022
(a) Tube with HBRs (b) Smooth tube

Fig.8: Concentration distribution of CaCl,,

The concentration distributions of CaCl, in tube with HBRs and smooth tube are shown in Fig.8. The concentration
distribution illustrates the mass transfer state of CaCl,. It can be seen that the maximum value of the mass fraction of CaCl,
in tube with HBRs is distinctly lower than that in smooth tube, which demonstrates that much more Ca?" in mainstream
have been deposited in the form of CaCOj; in tube with HBRs than in smooth tube, that is the HBRs can enhance the mass
transfer of Ca?*in circular tube. We can also see that the concentration of Ca* in tube with HBRS is not just lower near the
tube wall, but also near the HBRs, compared with that in smooth tube. This result means that the CaCOj crystallizes at both
the tube wall and the wall of HBRs, and the Ca®" in mainstream would transfer towards the tube wall as well as the HBRSs.
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However, the deposition rate of the crystallization fouling CaCOjsis lower in tube with HBRs than in smooth tube, which is
acquired in Fig.5,therefore we can conclude that the mass transfer of Ca®* towards the HBRs is enhanced by the HBRs,
while the mass transfer towards the tube wall is weakened.

4. Conclusions

In this work, the numerical simulation regarding to the anti-fouling property of HBRs in circular tube was conducted
and the temperature and concentration distributions in tube with HBRs and smooth tube were presented. The conclusions
can be drawn as follows:

In the process of the crystallization of the fouling, the deposition rate decreased and the removal rate increased, and
eventually they tended to be stable and reached a dynamic balance; the deposition rate, the removal rate, the net rate and
the thermal resistance in tube with HBRs was lower than that in smooth tube, which means that inserting HBRs into the
circular tube can effectively prevent the deposition of crystallization fouling; in addition, the mass fraction of CaCl,in tube
with HBRs was lower than that in smooth tube, and in tube with HBRs it was not just lower near the tube wall but also
near the HBRs, which illustrate that the HBRs can enhance the mass transfer of Ca" in circular tube, and the mass transfer
of Ca** towards the HBRs is enhanced, while the mass transfer towards the tube wall is weakened.
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