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Experimental study on helical
tubes heat transfer characteristics
considering corrosion products

Mao Yulong, Meng Shugi*, Lu Xianghui, Jin Desheng,
Wang Xiaoting, Li Kejia, Hu Yisong, Hu Yousen and Rui Min

China Guangdong Nuclear Research Institute Co., Ltd., Shenzhen, China

During the power operation of nuclear reactors, the corrosion products in the
secondary circuit will deposit on the inside of Helical-coiled One-Through Steam
Generator (H-OTSG) heat transfer tubes and form fouling. The main component
of fouling is iron-based oxide, which generates from the heat exchangers made of
cast iron. Fouling may change the local heat transfer characteristics of heat
transfer tubes, and then affect the safety and economy of reactors. In order to
obtain the distribution of fouling thickness and its action mechanism on helical
tubes heat transfer characteristics, the heat transfer experiment under small
pressurized reactors service environment was conducted. The experimental
results indicate: corrosion products mainly deposit on onset of saturated
boiling point with the maximum fouling thickness of 50 um, and induce local
wall temperature elevating about 773 K; fouling will increase the thermal
equilibrium void fraction and hinder the heat transfer of helical tube, but has
little impact on the onset position of saturated boiling point; corrosion products
will release and re-deposit near dry-out point because of the flush of high speed
vapor, causing the periodic fluctuation of thermal resistance of helical tube.
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1 Introduction

Helical-coiled One-Through Steam Steam generator (H-OTSG) has been widely used in
small modular reactors because of its compact structure and high thermal efficiency (Xu
et al., 2021; Liu et al., 2022). The reactor primary coolant flows through the outside of the
H-OTSG helical tube and exchanges heat with the secondary loop, the coolant inside the tube
is heated and generates superheated steam. Compared with straight tube, the helical tube
could enhance turbulent mixing, thus obtaining higher thermal efficiency (Awais and
Bhuiyan, 2019). The stronger turbulent mixing might accelerate the deposition of
corrosion products (Xie and Zhang, 2016; Manacorda et al., 2020), and the heat transfer
characteristics of helical tube will be affected (Xiao et al., 2018).

The flow and heat transfer mechanisms of water within the helical tube structure include
two-phase flow, asymmetric phase distribution and local dry-out, which have been studied by
researchers (Shah, 2019; Zhu et al,, 2019; Breitenmoser et al,, 2021). Void et al. (2014) used high-
temperature sodium as the primary side heat source to heat low-temperature water on the
secondary side of the H-OTSG. They obtained heat transfer characteristics of the secondary-side
water under normal operating conditions of a sodium-cooled reactor and demonstrated that the
H-OTSG had an 8.3% heat transfer area margin at an electric heating power of 5.5MWt. Chung
etal. (2014) studied the heat transfer characteristics of H-OTSG secondary-side water at different
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pressures (1-6 MPa) and mass flow rates (0.02-0.06 kg/s) and found
that steam pressure had a significant effect on subcooled nucleate
boiling and steam superheat degree. Under typical nuclear reactor
operating conditions (pressure 2-6 MPa, mass flow rate 200-800 kg/
(m™s), power density 40-230 kW/m?), Santini et al. (2016) conducted
thermal-hydraulic experiment on a single helical heat transfer tube and
proposed empirical correlation for helical tube flow heat transfer based
on 1,575 sets of experimental data. Statham and Novog (2017)
investigated the subcooled nucleate boiling characteristics and dry-
out characteristics of water in a helical tube structure through
experiments, and the results indicated that the dry-out point
distribution along the length of the helical tube was essentially the
same when the void fraction exceeded 0.65.

The growth of fouling on the secondary side of the steam generator
involves thermal-chemical coupling mechanisms. Mu et al. (2022)
simulated the growth of fouling on the heat transfer tubes of a steam
generator under natural circulation conditions in a nuclear reactor. Their
calculations showed that fouling within one cycle could reduce the
overall heat transfer capability of the steam generator by 9%. Lister and
Cussac (2009) proposed that the deposition of corrosion products on the
steam generator heat transfer tube surfaces involves mechanisms such as
transport, deposition, removal, and solidification. Calculations based on
a thermal-chemical model showed that subcooled nucleate boiling
contributed to over 80% of corrosion product deposition (Basset
et al., 2000; Lister and Cussac, 2009). Prusek et al. (2013) simulated
the distribution of corrosion products on the heat transfer tubes of the
steam generator and their impact on tube blockage, with a discrepancy
between the simulated tube blockage rate and the measured data in a
nuclear reactor ranging from 3% to 11.1%. Forster et al. (1999) developed
a model to simulate the growth of fouling on the heat transfer tube
surfaces of an H-OTSG and assessed the influence of flow-induced
vibrations on fouling stability, revealing that fouling would undergo
significant spalling when the coolant flow velocity exceeded 0.5 m/s.

Because of the different thermal hydraulic characteristics of
OTSG and UTSG, it is necessary to clarify the corrosion products
effect on OTSG heat transfer characteristics. Currently, there is
limited research on the experimental investigation of heat transfer
characteristics considering corrosion products in helical tubes. To
reveal the mechanism of how corrosion products affect the heat
transfer characteristics of helical tubes, this study conducted dynamic
water heat transfer experiments inside fouled helical tubes under
simulated conditions of a small modular reactor. By establishing
models for the influence of bulk coolant temperature, wall
temperature and thermal equilibrium void fraction on helical tube
heat transfer performance, and by measuring the fouling thickness
and thermal resistance distribution, the impact of corrosion products
on the heat transfer characteristics of helical tubes was revealed. The
research results provide reference for the optimization of thermal-
hydraulic performance in H-OTSGs of nuclear reactors.

2 Methodology
2.1 Experimental facility
2.1.1 Experimental sample

The experimental sample, as shown in Figure 1, is fabricated by
bending Inconel 600 alloy into ®25 x 3 mm tubes. The heating
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section has a height of 45m and is flattened to a length of
50 m.
strategically positioned at locations with higher curvature in the

approximately Pressure measurement points are
helical tube to avoid excessive pressure. Due to the small inner
diameter of the helical tube, temperature measurement points are
arranged on the outer wall surface. Thermocouples are used as
temperature sensors and are secured to the outer wall surface with
insulating material. Eight symmetric measurement points are placed
on the same cross-section to measure the temperature of the bulk
coolant and the outer wall surface temperature of the helical tube.

The real H-OTSG has multiple parallel helical-coiled tubes.
Because the corrosion products deposit on the inside of helical-
coiled tubes, the current experimental sample is representative to the

real H-OTSG heat transfer tubes.

2.1.2 Heat transfer circulation loop

Figure 2 illustrates the schematic diagram of the experimental
loop (China Nuclear Power Technology Research Institute Co., Ltd.
et al.,, 2022), which consists of the following main components to
simulate and study the effects of corrosion products on the heat
transfer characteristics of the helical tube during reactor operation:
electrodes, used to apply an electric current to the iron plate,
simulating corrosion during the operation of the helical tube;
iron plate, generates simulated corrosion products similar to
those found on the inner surface of the helical tube; water tank,
provides coolant for the circulation loop; pressure relief valve, assists
in controlling the pressure within the circulation loop to prevent it
from becoming excessively high; filter, removes impurities from
coolant; water pump, provides the power necessary to maintain
stable coolant flow within the circulation loop; pre-heater, raises the
temperature of the coolant at the inlet of the experimental sample to
the target value; valves, regulates the flow rate of the coolant entering
the experimental sample; electric heater, simulates the heat
generated on the primary side during reactor operation.
Changing the medium from water to liquid metal, the heat
transfer process of liquid metal reactors also could be simulated;
power controller, adjusts the heater’s power output according to the
requirements of the experiment; heating chamber, simulates the heat
transfer process from the primary side to the secondary side;
within the
circulation loop; pressure meter, measures the pressure within

temperature meter, measures the temperature
the circulation loop; heat exchanger, controls the total power of
the circulation loop based on data obtained from temperature meter
and pressure meter.

The design parameters of the experimental facility are presented
in Table 1, which can characterize the thermal-hydraulic
performance under typical operating conditions of a nuclear
reactors. The artificial fouling experiment conducted under these

operating condition parameters involves the following main steps:

1) Start the water pump and pre-heater. Monitor the secondary side
coolant temperature and pressure using temperature meters and
pressure meters. Adjust the bulk coolant temperature and
pressure on the secondary side to a range similar to the
operating conditions.

S
~

Start the water pump, electric heater and power controller on the
primary side. Continuously heat the medium on the primary side
using the heating chamber.
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FIGURE 1

Schematic diagram of experimental sample and measurement position.

Electrode Pressure Temperature Heating Power
N Meter Heat Meter Chamber Controller
Exchanger
Iron Plate
\/\ﬂ >
Helical
5 i Tube
Water o o
Tank \ o @
® [¢]
o o
o]
[¢]
° °
° .
- o Electric
2 Heater
O Cold Water
sSsure Hot Water
Prcgurt e Water Pre- O
Relieve Filter Valve :
Pump heater @ Corrosion Products
Valve
FIGURE 2
Schematic diagram of heat transfer circulation loop.
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TABLE 1 Design parameters of the experimental facility.

10.3389/fenrg.2023.1289831

TABLE 2 Specific limit values of water chemistry parameters.

Parameter Unit Value Parameter Unit Limit value
Maximum operating pressure MPa 10 Resistivity us/cm <0.58
Nominal operating pressure MPa 6 F mg/L <0.02
Maximum operating temperature K 633 Cl- mg/L <0.02
Nominal operating temperature K 613 SO» mg/L <0.04
Maximum heat flux kW/m? 500 SiO, mg/L <0.02
Nominal heat flux kW/m? 300 Na* mg/L <0.001
Ca** mg/L <0.001
2+
3) Start the power controller and heat exchanger on the secondary Mg mg/L <0.001
side. Adjust the inlet subcooling degree and outlet superheat AP mg/L <0.001
degree on the secondary side of the experimental sample to a
range similar to the operating conditions.
4) Continuously apply electric current to the iron plate with the  pressurized water reactor. Differences in water chemistry

electrodes to simulate the continuous release of corrosion
products into the coolant on the secondary side of the H-OTSG.

5) Monitor the bulk coolant temperature and wall temperature
continuously throughout the experimental cycle. During the heat
transfer experiment period, shutdown the electric current of iron
plate to avoid the influence of corrosion products on heat
transfer characteristics.

6) After the experiment concludes, stop the heating on both the
primary and secondary sides. Open the pressure relief valve to
rapidly drain the coolant on the secondary side. This helps
reduce the dissolution of fouling into the coolant during the
cooling phase, ensuring that the extracted sample accurately
represents the fouling characteristics during operation.

7) Retrieve the experimental sample and slice it axially and radially.
Analyze the thickness of fouling in various regions using
equipment such as scanning electron microscopes and X-ray
photoelectron spectroscopy.

2.2 Analytical methods

2.2.1 Deposition of corrosion products

Currently, there is limited data available for the analysis of
fouling in helical tubes under the operating conditions of nuclear
reactors. According to theoretical derivation, the main factors
influencing the formation of fouling are water chemistry
parameters

and thermal-hydraulic parameters. The general

formula for fouling deposition rate is as follows (Meng et al., 2022):

w; = kime C + kikm,i
P k,’ + km),'u, k,‘ + km’,‘

(Ci - Cy) (1)

Where w; represents the deposition rate, unit in g/(cm*s); #1,
represents the rate of subcooled nucleate boiling, unit in g/(cm*s); k;
and k,,, ; represent mass transfer coefficient, unit in g/(cm*s); C; and
C,,; represent the saturation solubility of corrosion products in the
bulk coolant and on the fuel surface, respectively, unit in g/g; i
represents various metal elements.

Equation 1 is derived from the mechanistic study of the
corrosion product deposition process in the primary circuit of a
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parameters and thermal-hydraulic parameters between the
primary and secondary circuits will affect the numerical values of
ki, ki C;and Cp ;. However, the form of the fouling deposition rate
formula remains unchanged. Therefore, this formula is applicable
for characterizing the growth process of fouling on the inner surface
of helical tubes.

In this experiment, the characterization of artificial fouling with
respect to real fouling is achieved by controlling the water chemistry
parameters in the experimental facility. Specific limit values are
presented in Table 2. While ensuring that water chemistry
parameters and thermal-hydraulic parameters are similar to
actual operating conditions, reference is made to the experience
of artificial corrosion products experiments in the primary circuit of
pressurized water reactors (Xue et al., 2023). This is accomplished by
adjusting the concentration of iron solution injected into the
circulation loop to simulate the deposition process of corrosion
products on the inner surface of the helical tube. The analysis of
artificial fouling is carried out using X-ray photoelectron
spectroscopy and scanning electron microscopy to determine the
distribution pattern of fouling thickness in different regions of the
helical tube.

2.2.2 Coolant temperature and wall temperature
As shown in Figure 3, the heat transfer between the inner and
outer sides of the helical tube can be visualized as a heat conduction
process through the cylindrical wall. Considering a differential
element within the helical tube and applying the principle of
energy heat
conduction differential equation is as follows (Incropera et al., 2007):

o 1 0 ot 1 0 ot ] ot :

Where p represents the density of the differential element, unit

conservation, the general equation for the

in g/cm?; ¢ represents the specific heat capacity of the differential
element, unit in J/(kg-K); A represents the thermal conductivity, unit
in W/(m-K); ¢ represents the internal heat source per unit volume,
unit in W/cm? t represents the temperature difference of the
differential element, unit in K.
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FIGURE 3
Schematic diagram of helical tube differential element.
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Schematic diagram of heat transfer process of helical tube: (A) Clean surface. (B) Fouled surface.
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Assumingthat the differential element is always in thermal
equilibrium, with constant temperatures on both sides of the heat
transfer tube and no internal heat source within the cylindrical wall,
the heat conduction differential equation can be simplified as

follows:
d( dt

By performing a second integration of equation (3), the general
solution for the temperature distribution along the radial direction
of the cylindrical tube could be obtained:

t=c Inr+c, (4)

Where r represents the radius of the differential element from
the center of the cylinder, unit in m; ¢; and ¢, represent integration
constants.

As shown in Figure 4A, the boundary conditions for Eq. 4 are:

7= "Tint = bpuik (5)

r= raut’t = twull (6)

Where r;, and r,,; represent the inner and outer diameter of
helical tube, respectively, unit in m.

Combining Eqs 4-6, the formula for the radial temperature
distribution of the cylindrical tube could be derived:

twall = toulk
t =ty + ———— - In(r/ri 7
bulk ln (rout/rin) ( / ) ( )
Considering that the total heat across the entire cylindrical wall
remains constant, taking derivatives of both ends of Eq. 7 and
applying Fourier’s law (Incropera et al., 2007; Short et al., 2013), the
formula for the radial heat flux density g could be obtained:

_ 27 M Gt = i)
In (raut/rin)

The thermal resistance is defined as the ratio of temperature
difference across the cylindrical wall to the heat flux density. When
fouling forms on the inner side of the helical tube, as shown in

(8)

Figure 4B, the calculation formula for the heat flux density g, is
modified using the principle of serial thermal resistance stacking:

Frontiers in Energy Research

g = 27l (fwan — tour)
‘ In (rinter/rin)/Ac +1In (rout/rinter)//lh

)

Where [ represents the total length of the helical tube, unit in m;
Tinter Tepresents the radius from the center of the cylinder to the
interface between fouling and the heat transfer surface, unit in m; A,
and A, represent thermal conductivity of fouling and clean surfaces,
respectively, unit in W/(m-K).

From Eq. 9, it can be observed that during the experiment, by
controlling the heat flux density and maintaining the bulk coolant
temperature constant, the impact of corrosion products on the heat
transfer performance of the helical tube can be quantified by monitoring
the change in the outer wall temperature f,,,; of the heat transfer tube.

2.2.3 Thermal equilibrium void fraction

When the vapor-liquid two-phase system is in a thermodynamic
equilibrium state, the degree of superheat of the fluid can be
represented by the thermal equilibrium vapor quality x, defined
by the formula:

(10)

Where h and h; represent the enthalpy of two-phase fluid and
saturated liquid phase, respectively, unit in kJ/kg; hy represents the
latent heat of vaporization of the fluid, unit in kj/kg.

The experiments conducted in this study involve uniform
heating, and the enthalpy values of the fluid along the length of
the helical tube follow a linear distribution. Using the starting point
of the effective heating section as a reference, the enthalpy value kg,
of the fluid at the position d along the helical tube is given by:

d
hfd=h,-n+Ah7 (11)

Where h;, represents the enthalpy of fluid at the inlet of the
experimental sample, unit in kJ/kg; Ah represents the total enthalpy
rise of the fluid flowing through the effective heating section, unit in kj/kg.

When the bulk coolant reaches its saturation temperature, the
fluid enters the saturated boiling heat transfer stage and
subsequently undergoes nucleate boiling, forced convection
evaporation in the liquid film, and dry-out regions (Xiao et al,
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Measured data of fouling thickness distribution.

2018; Xu et al., 20215 Rui et al., 2023). The point of nucleate boiling
initiation is the boundary between the subcooled and saturated
boiling segments of the fluid, and its theoretical thermal equilibrium
void fraction is zero. According to the principle of energy
conservation, the calculation formula for the position do of the
nucleate boiling initiation point is derived as follows:
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_ mcprin (tsut - tin)

d,
4q

(12)

Where m represents the mass flow rate of the coolant, unit in kg/
s; C, represents the specific heat capacity of subcooled liquid, unit in
J/(kg-K); ts and t;, represent the saturation temperature of the
coolant and the inlet temperature of heating section, respectively,
unit in K.

Under the same conditions of heat flux density, coolant flow rate,
and inlet temperature of the heating section, a nucleate boiling
initiation point closer to the inlet of the heating section indicates a
higher heat transfer capability of the coolant and a higher thermal
equilibrium void fraction. Equations 10, 12 demonstrate that by
controlling the heat flux density and maintaining the inlet
temperature of the heating section relatively constant, the impact
of corrosion product deposition on the heat transfer performance of
the helical tube can be reflected by measuring the thermal equilibrium
void fraction at various measurement points along the heating section.

3 Results and discussion
3.1 Corrosion products

Following the nominal operating conditions parameters provided in
Table 1 and controlling the limits of water chemistry parameters in the
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Trend of wall temperature changes in the helical tube: (A) 10 days. (B) 40 days. (C) 90 days. (D) 120 days.
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circulation loop as specified in Table 2, an experiment on the impact of
corrosion products on the heat transfer performance of helical tube was
conducted, lasting for 120 days.

Figure 5 illustrates the trend of heat flux density during the
experimental period. The calculations for heating efficiency and heat
flux density are as follows:

hout - hin
- % (13)
Ul
- % (14)

Where 7 represents the heating efficiency; h,,, represents the
enthalpy of fluid at the outlet of the experimental sample, unit in kj/kg;, U
and I represent the voltage and current of the electric heater, respectively,
units in V(volts) and A(amperes); g represents heat flux density, unit in
KW/m?; A represents the surface area of effective heating section, unit in m>.
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Trend of thermal resistance changes of helical tube: (A) Subcooling region. (B) Region between the end of the subcooling section and the nucleate
boiling initiation point. (C) Region near the nucleate boiling initiation point. (D) Two-phase region. (E) Region near the dry-out point. (F) superheating

region.
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FIGURE 10

Trend of Fouling thermal resistance changes: (A) Region near the
nucleate boiling initiation point. (B) Two-phase region. (C) Region
near the dry-out point.

Figure 6 provides the measured data of the thickness distribution
of fouling along the length of helical tube after the experiment
concluded. The average fouling thickness over the entire effective
heating section is calculated with the following weighted formula:

i+l
S din — d;
)

Where §;,; represents the fouling thickness at the i+lst

(15)

measurement point, unit in um; d;;; and d; represent the lengths
from the i+1st measurement point to the ith measurement point and
from the heating section inlet, respectively, unit in m.

Based on the experimental results, it can be concluded that:
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1) The heat flux density remained relatively constant throughout
the experimental period, indicating the stable and long-term
operation of the experimental platform in dissipating heat.

2) Corrosion products predominantly deposited near the nucleate
boiling initiation point, with a maximum thickness of
approximately 50 um.

3) In other regions, the deposition of corrosion products was relatively
minimal, with an average deposit thickness of around 3 um.

3.2 Wall temperature and void fraction

Throughout the experimental process, the heat flux density
remained relatively constant. Therefore, the temperature difference
between the wall surface and the bulk coolant temperature can
directly reflect changes in the heat transfer coefficient of the helical
tube. Figure 7 provides the distribution of the outer wall temperature of
the helical tube on different days of the experimental period, and it can
be observed that:

1) Along the length of the helical tube, the wall temperatures in the
liquid phase and vapor phase regions showed a linear increase
with respect to the bulk coolant temperature, while in the two-
phase region, they remained relatively constant.

2

~

After the deposition of corrosion products, the wall temperature
near the nucleate boiling initiation point (x = 0) and the dry-out
point (x = 1) significantly increased, with the maximum wall surface
temperature near the nucleate boiling initiation point reaching
approximately 773 K.

W
~

Considering the distribution of corrosion products, it can be
inferred that the main factor causing an increase in wall
temperature near the nucleate boiling initiation point is the
deposition of corrosion products, while the increase in wall
temperature near the dry-out point is due to the reduced heat
transfer capability of the vapor-phase coolant.

Figure 8 presents the distribution of the saturated boiling
initiation point and dry-out point of the coolant inside the
helical tube, and it can be observed that:

1) The positions of the saturated boiling initiation point and dry-
out point remained relatively unchanged.

2) Due to the uniform heating of experimental sample, the fluid
enthalpy values along the length of the helical tube showed a
linear increasing trend.

3.3 Thermal resistance

By measuring the bulk coolant temperature (t;,) and the wall
temperature (Z,,4), the overall thermal resistance and fouling resistance
of the helical heat transfer tube can be calculated using Equation 9.

Figure 9 illustrates the trends in heat resistance in different flow
regimes, and it can be observed that:

1) In the subcooling and superheating regions, the thermal

resistance of helical tube remains almost constant,
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indicating that there is little fouling formation in these two
regions.

2) In the region between the end of the subcooling section and the
nucleate boiling initiation point, the thermal resistance of helical
tube shows periodic fluctuations. It is inferred that this periodic
variation is caused by increased mixing at the interface due to the
transition of coolant from liquid to vapor, leading to periodic
deposition and removal of fouling.

3) Near the nucleate boiling initiation point, the thermal
resistance of helical tube remains relatively constant in the
first 10 days but then exhibits a rapid increase. This suggests
that during the initial 10 days of the experiment, corrosion
products deposited in other areas of the circulation
loop. Subsequently, as the deposition rate in the heating
section continues to increase, fouling begins to accumulate
near the nucleate boiling initiation point.

4) In the two-phase region, the thermal resistance of helical tube
shows a linear increasing trend over the course of the experiment.
The farther the measurement point is from the entrance of the
heating section, the lower the heat transfer efficiency of the
helical tube. Near the dry-out point, heat transfer efficiency
reaches its lowest value, at which point the thermal
equilibrium void fraction approaches 1, and almost all of the
coolant vaporizes.

5) Near the dry-out point, the thermal resistance of helical tube has
significantly increased after 10 days of the experiment and then
exhibits periodic fluctuations. It is suggested that in this region,
fouling undergoes a deposition-removal-redeposition process

under the influence of high-speed vapor-phase coolant flushing.

The experimental results regarding helical tube thermal
resistance indicate that corrosion products mainly affect the heat
transfer characteristics near the nucleate boiling initiation point,
two-phase region and the region near dry-out point. Furthermore,
by using Eq. 9 to analyze the fouling thermal resistance in these three
regions, the fouling contributes about 70% thermal resistance of
helical tubes, and the processed data is shown in Figure 10.

Based on the experimental data from Figures 9, 10, and
following the recommended method from National Association
of Corrosion Engineers guidelines(Liao et al., 2022), the fouling
thermal resistance of helical tube is fitted into an empirical
relationship correlated with operational time:

12.5, 0<d<5

5 x 1077 +2 x 107T° -2 x 107°T*

11X 10°T 221 x 10212 — 7.6 x 10T + 202, > <4<
R=4 -5x10°T° +2 x 107'T* - 3 x 107°T* 11<d<35

+2 x 107°T% - 1.5 x 10T + 12.8,

4 x 107T* +8 x 107°T° - 6.6 x 107°T> 35<d<42

+0.23T + 14.1,

13.2, d>42

(16)

Where R represents fouling thermal resistance, unit in
(m*>K-10°)/W; T represents operational time, unit in hours; d
represents the distance of the fouling region from the entrance of
the helical tube’s effective heating section, unit in m.
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4 Conclusion

This study utilized experimental methods to investigate the
distribution patterns of corrosion products on the inner surface
of helical tubes and their impact on heat transfer performance under
simulated operating conditions in the secondary loop of a small
modular reactor. Furthermore, empirical relationships were derived
from the experimental data to correlate helical tube fouling thermal
resistance with operational time. The main conclusions of this study
are as follows:

1) Corrosion products tend to accumulate near the nucleate boiling
initiation point on the inner surface of the helical tube, leading to
an increase in wall temperature in that region. However, the
location of nucleate boiling initiation point is minimally affected
by fouling.

2) In two-phase region, both helical tube’s thermal resistance and
thermal equilibrium void fraction exhibit linear growth trends
over the course of the experiment. Near dry-out point, fouling in
the helical tube reaches the lowest heat transfer efficiency.

3) In superheating region of the inner helical tube, fouling undergoes
a continuous cycle of deposition-removal-redeposition due to the
flushing of high-speed vapor-phase coolant. This leads to periodic
fluctuations in both the helical tube’s thermal resistance and
fouling thermal resistance in this region.
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