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In fusion reactors, many blanket concepts are designed with water as a coolant to
transfer high-density heat from the fusion reaction out of the reactor core. The
coolant temperature and pressure are maintained as the validated use in water-
cooled fission reactors. However, the flow channel in a water-cooled blanket is
independent of each other, and there is no flow mixing between coolant channels.
Therefore, flow instability may occur in the independent parallel channels in a
water-cooled blanket due to its unique structure and heat distribution, especially
under the high heat flux caused by plasma rupture. In this study, the parametric
analysis of density wave instability is performed using a thermal-hydraulic code
developed for independent parallel channels based on the homogeneous model
for the two-phase flow. The parallel-channel system in a water-cooled ceramic
breeder (WCCB) blanket of the China Fusion Engineering Experimental Reactor
(CFETR) is established for its first wall structure. A small disturbance is introduced
into the system to determine if it is stable under different conditions. It is found that
the channel number has no obvious influence on the prediction of the flow
instability boundary. Therefore, the two-channel system is adopted to investigate
the influence of different parameters, such as the pressure, resistance, flow rate,
and inclination, on the flow instability boundary of the parallel-channel system in
the CFETR WCCB blanket. The results show that flow instability occurs more easily
in this study compared to the traditional instability analysis, especially under high-
pressure conditions. In general, conditions of high pressure, large flow rate, and no
inclination can stabilize the system, while the influence of resistance is quite
different under different conditions of resistance and pressure. The research work
indicates that more attention should be paid to the joint influence of different
parameters for the water-cooled blanket during its design and operation.
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1 Introduction

In a fusion reactor, a blanket is used for tritium breeding, heat
extraction, and radiation shielding (Zhuang et al., 2019). Water is
adopted as the main coolant for many blanket concepts during their
design stage (Jiang et al., 2016; Pavel and Slavomir, 2019; Liu S. L.
etal., 2022) due to its validated widespread use, especially in nuclear
fission reactors. The coolant working condition is mostly
maintained at the same conditions as in a pressurized water
reactor (PWR), in which the pressure is 15.5MPa and the
290°C/330°C.
circumstances, the coolant undergoes a two-phase flow due to

temperature  is However, under certain
insufficient heat transfer capability compared to the large heat
load introduced by plasma rupture. Unlike the open channel in
the reactor core of a PWR, there is no flow mixing in the parallel
channel of a fusion blanket because the flow channel is independent
of each other. Therefore, flow instability occurs more easily between
these channels (Tian et al., 2020). Due to the existence of manifold
isolating channels from the external system, the flow rate may
oscillate between parallel channels even if the pressure drop in
the adjacent manifolds does not change. It is difficult to detect the
flow instability because there is no obvious signal out of the
manifold, which is a potential danger for the blanket, especially
for the first wall facing the extreme-temperature plasma. The water
coolant in the unique U-shaped channel of the first wall is heated
along all the channels. The geometry structure and the heating
condition should be considered carefully during the flow instability
analysis for the parallel-channel system in the blanket. Density wave
instability is one of the most common types of two-phase
instabilities (Ruspini et al, 2014). Therefore, it is necessary to
investigate the influence of different parameters on the density
wave instability in a water-cooled blanket to avoid potential damage.

Recently, the analysis of thermally induced instability in a water-
cooled blanket has been performed by some researchers. It is found
that flow excursion and flow oscillation may occur in the parallel-
channel system in a blanket under different working conditions
(Lian et al., 2019). However, compared to the BWR condition with a
pressure of 7MPa, flow excursion could disappear for the PWR
condition of 15.5 MPa. The two-phase flow instability after the loss
of coolant accident (LOCA) is investigated for a water-cooled
blanket (Wang et al, 2020). For the small-break LOCA, flow
instability occurs, while there is no flow instability phenomenon
under large-break LOCA because the system pressure decreases
instantaneously. The influence of the opposite flow direction in
adjacent channels on the instability of flow excursion and flow
oscillation is investigated for the 4-channel system in a water-cooled
blanket (Liu Z. H. et al,, 2022). Flow excursion, in-phase density
wave oscillation, and out-phase density wave oscillation are found to
occur in the parallel channels. The relative stability with the
condition of the opposite flow direction depends mainly on the
operating point of the system. More stability analyses are carried out
for fission reactor core channels. Experimental results of two-phase
instability in parallel twin channels are compared to the calculation
of RELAP5 under a low pressure of 1-3 MPa (Guo et al., 2010). The
comparison shows that the non-homogeneous, non-equilibrium
model is accurate to simulate the flow instability phenomenon in
parallel channels. The code is also used to perform a parametric
study of two-phase flow instabilities in 1-2-4-9 channels (Xia et al.,
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2012). The influences of various parameters are obtained by
changing the simulation condition. The capability of RELAP5 to
predict the density wave instability in parallel channels is also
ascertained by the comparison with experimental results
(Ambrosini and Ferreri, 2006; Colombo et al., 2012). However,
RELAP5 may not be suitable for the analysis of narrow rectangular
channels (Lian et al.,, 2018).

Although the homogeneous model is not suitable for predicting
the bubble behavior in the two-phase flow (Papoulias et al., 2021), it
is usually used to describe systematic phenomena, such as flow
instability (Ruspini et al., 2014). The instability of the parallel-
channel system in a water-cooled blanket is influenced by many
factors. The parametric research in this study is performed to enrich
the understanding of flow instability in a blanket. The first wall in a
water-cooled ceramic breeder (WCCB) blanket of the China Fusion
Engineering Experimental Reactor (CFETR) is chosen as the
research object. The unique working condition of the geometry
structure and heat distribution in a blanket is considered in the
developed parallel-channel instability analysis model. The small-
disturbance method is adopted to determine if the system is stable by
the brief power increase introduced into one channel. After the
validation of the analysis method, the two-channel system is adopted
to investigate the influence of different parameters, such as the
pressure, resistance, flow rate, and inclination, on the flow instability
boundary of the parallel-channel system in the CFETR WCCB
blanket. The results show that the joint influence of different
factors of the water-cooled blanket requires further research.

2 Theoretical model

The local phenomenon, such as flow instability, could not be
predicted in the systematic safety analysis of the blanket because
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FIGURE 1
Schematic diagram of the parallel-channel system.
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FIGURE 2

Schematic representation of the analysis method to detect (A) convergent and (B) divergent flow oscillations.

many parallel channels are simulated as one pipe with the same
hydraulic diameter (Lian et al., 2018) to improve the calculation
efficiency. In order to investigate the flow instability, the coolant
channel in the system should be modeled independently. The
thermal-hydraulic model for the parallel channel in the first wall
of the water-cooled blanket is shown in Figure 1. It is composed
of the inlet plenum, parallel flow channel, and outlet plenum.
The fluid is distributed and collected by inlet and outlet plenums,
which represent flow manifolds in the blanket. The U-shaped flow
channel in the first wall of the water-cooled blanket is heated along
all the paths, which is the unique characteristic of the flow channel in
the blanket. According to the heating condition of the first wall in
the blanket, the U-shaped flow path is divided into an entrance
section, a plasma-facing section, and an exit section to simulate the
different heating conditions along the channel. The shaded parts in
Figure 1 represent the heating condition of different sections. There
is only nuclear heat deposition in the entrance and exit sections,
while both nuclear heat deposition and high heat flux from plasma
are imposed on the plasma-facing section. According to the updated
design of the CFETR WCCB blanket, the plasma-facing section is
kept horizontal in all blankets, while the entrance and exit sections
have some inclined angles for different blanket arrangements. The
inclination influence is also considered in this study. The heating
power is given with reference to the heat distribution along the radial
direction in the blanket (Jiang et al., 2016). It should be pointed out
that a maximum of nine parallel-channel systems is investigated
in the following study besides the two-channel system shown in
Figure 2.

The thermal-hydraulic model of the parallel-channel system is
established based on the following assumptions: (1) homogeneous
two-phase flow; (2) one-dimensional flow; (3) compressible two-
phase mixture; (4) thermodynamic equilibrium in two phases; (5)
bulk boiling consideration. Then, the governing equation for the
one-dimensional homogeneous flow can be derived as follows:

%, 9(pu) _
ot 0z

0, (1)
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The local fluid density is dependent on the state of pressure and
enthalpy:

p=p(ph). )

Substituting the derivative of Eq. 4 into Eqs 1-3, the mass and
energy conservation equations can be rearranged as follows:

dp oh op dp d(pu) _

oh ot dp ot oz 0 )
%, N\ (o _ 1\ op, ouh) _a
<hah+”>at+<hap 1) oz a4 O

2.1 Constitutive model

For parallel channels which share the same inlet and outlet
plenums, the pressure drop in each channel should be identical:

Apy = Ap; = Ap,. (7)

Under the force flow condition with a constant flow rate, the
sum of the flow rate change in each channel equals zero:

dwi +
dt

dw,
dt

dwl

= = 0.
ar

(8)

The void fraction is ascertained by a correlation proposed by
Chexal and Lellouche, as shown in Eq. 9, which is also adopted by
other validated codes, such as RELAP5 (U.S. NRC, 2001).

1
TG U =x/x(p, /) + (Vaip, [5G))

©)
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The drift velocity in Eq. 9 is expressed as follows:

1/4

- o

V,; =141 [(plp#] CGC,CsCy, (10)
1

where parameters C; can be obtained as shown in Chexal et al.
(1997).

The single-phase frictional factor is calculated by the Blasius
formula (White, 1974):

if Re<2 x 10%,

if Re>2 x 10%. (an)

f= 0.316Re™"*
~ | 0.184Re™*?

The two-phase frictional pressure drop is calculated by the
Lockhart-Martinelli formula (Lockhart and Martinelli, 1949). The
two-phase frictional multiplier is expressed as follows:

C 1
2o — (12)
1

Xtt tht

where X, is given as

. 0875 0.125 0.5

A N P

X = <7) L -2 . (13)
X Hg Pg

The local pressure drop caused by flow resistance is calculated by
the Darcy correlation (Su et al., 2013):
dp pv?
—=K—. 14
dz 2D, (14)
The gravitational pressure drop in the inclined flow channel is
considered by the effective force term in the momentum equation,
and the gravitational acceleration along the inclined channel is
changed to

a=gosinb, (15)

where 0 is the inclined angle.

2.2 Numerical method

The governing equations are discretized into differential
equations. Based on the constitutive models introduced in
Section 2.1, the ordinary differential equations are solved using
the Gear multi-value solver (Gear, 1974), which is quite efficient,
considering the stiffness of the equation system. The time step is set
as 0.001, the precision is 0.0001, and the error bar is + 5 x 107, The
Fortran language is used to build a computational program to solve
the differential equations. During the steady state, the flow rate is
matched to the determined value with the balance between the
driving force and the pressure loss. After the steady calculation, a
small power disturbance is introduced into the system to observe the
flow oscillation between parallel channels.

3 Validation of the analysis method

Analysis of the multi-channel system shows that chaos
phenomena may occur in the parallel-channel system (Guo et al.,
2008), which means that the channel number could influence the
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thermal-hydraulic characteristics of the parallel-channel system.
Such an effect should be ascertained before the parametric study.
The first wall in the blanket faces the high-temperature plasma
directly, and the thermal shock attacks the surface if the plasma
disrupts. Therefore, the parallel channels in the first wall are chosen
for the parametric study. The analysis method used in this work is
introduced in detail, and the validation is carried out by comparison
to the experimental results.

3.1 Analysis method

A system is recognized as stable if the operating point can be
maintained even after a slight disturbance. In this study, a small
power disturbance is introduced into the plasma-facing section
shown in Figure 1 to find out the threshold of the flow
instability. In the design of the CFETR WCCB blanket, one
channel in the first wall is allocated with the corresponding
heating power of 15-26 kW under the normal heat flux of
0.5 MW/m?® from the plasma (Liu et al., 2022). However, the heat
flux will increase dramatically from 0.5 MW/m? to 5 MW/m? when
plasma disruption happens, which is a conservative assumption in
the safety analysis (Guo et al., 2008; Wang et al., 2020; Liu et al,,
2022). In addition, even during the steady state, the heat flux from
the plasma is not always a constant value. Therefore, the power
disturbance on the plasma-facing section is a reasonable choice.
After the original state is established with certain thermal-hydraulic
parameters, a slight power disturbance of 1% operating power with a
1-s duration is introduced into the plasma-facing section of one
channel. Then, the inlet flow of different channels oscillates. The
oscillation is of a small amplitude compared to the nominal flow rate
and would disappear to maintain the original operation state. Such a
system is considered stable. However, the oscillation would be
divergent if the system is unstable. The minimum resolution of
the operating heating power is set as 0.1 kW. The typical convergent
and divergent flow oscillations for the parallel twin-channel system
are shown in Figure 2. The system is stable if the heating power is
44.7 kW, while it is unstable for the heating power of 44.8 kW. In
this condition, 44.7 kw is considered the threshold heating power of
the flow instability.

3.2 Validation

Usually, the validation of calculation should be performed based
on the relative experiments. However, such a process is very difficult
because there is almost no experimental result of flow instability in
long channels for a water-cooled blanket. Therefore, a compromise
is made that the analysis method in this study is validated by the
comparison to experimental data obtained from vertical channels
(Tian et al., 2020). The validation of the analysis method to predict
flow instability under different pressures is shown in Figures 3, 4
using the experimental data from vertical channels. The density
wave instability is mainly caused by the sufficient interaction and
delayed feedback between the compressibility and the flow inertia in
the heated channel. When the disturbance propagates along the
channel, its speed in the two-phase mixture is much slower than that
in the single-phase zone due to the smaller density in the two-phase
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Validation of calculation under (A) 6 MPa and (B) 10 MPa.
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Validation of calculation under 12 MPa.

zone, which leads to delayed feedback between the two zones.
Combining the compressibility volume in the two-phase zone,
the divergent oscillation between parallel channels can be
triggered with sufficient heat input in the system. It can be
concluded that in the simulation, the influence of different flow
channels on the density wave instability is dominated by the
thermal-hydraulic models adopted in the code. Therefore, the
thermal-hydraulic model and numerical method described in
Section 2 are validated by the experimental data obtained in the
vertical channel system.

The calculation results and the experimental data are compared
on the stability map represented by the phase change number N,
and subcooling number N, which are expressed as follows:

N = = 12, (16)

Frontiers in Energy Research

05

10.3389/fenrg.2023.1251233

B 30
p=10 MPa
25 F ®  Experiment
¢ Calculation
20
5 N
i’ 15 | Xe=0
1.0 -
0.5 Xe=0.57
N Xe =0.66
00 1 1 1 1 1
0 2 4 6 8 10 12 14
Npch
h s hin v
Nsub = f— ﬂ (17)
hyg  vys

The characteristic equation and similarity parameters are
derived by Ishii (Tian et al., 2020) to select the nondimensional
numbers that could represent the typical stability in a thermal-
hydraulic system. Ny, and N, are finally chosen as the two
dimensionless numbers, which are widely used by other
researchers. N, accounts for the heating effect, which is very
important due to the power-consuming process of the flow
oscillation. N, accounts for the time lag effect, where the inlet
subcooled coolant takes time to absorb energy to become saturated.
The two dimensionless numbers could take the most factors into
account for the flow instability analysis. The stability map using
N pen and N gy, is quite convenient for the stability comparison of the
thermal-hydraulic system operated with different parameters. From
Eqs 16, 17, the relationship between the two numbers could be
derived:

v
Ny = Npch - X fg~
Vs

(18)

Therefore, the constant quality equals to the slope of an
inclined straight line in the stability map under the given
pressure (vy4/vss). The constant quality line is also presented
in Figures 3, 4. Such a line could be used to indicate the
stability of the system under different operating parameters.
Typically, the operating point is stable if it is on the left side
of the boundary line in the stability map because the operating
power is less than the threshold heating power when the flow
instability occurs. For the comparison under 6 MPa and 10 MPa in
Figure 3, the maximum error between the experiment and
calculation is 13.2%, while it is 9.9% for the comparison under
12 MPa. In general, the capability of the analysis method to predict
flow instability in parallel channels is satisfactory and will be
adopted in the following research.
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Effect of the number of channels on the prediction of flow instability under (A) 3 MPa, (B) 7 MPa, (C) 10 MPa, and (D) 15.5 MPa.

TABLE 1 Parameters of the parallel-channel system.

Parameter Value

Length of the entrance/exit section (mm) 800
Length of the plasma section (mm) 1250
Cross section (mmxmm) 8x8
Mass flow rate in a single channel (kg/s) 0.06-0.12
Heating power (kW) 0-160
Pressure (MPa) 3-15.5
Inlet subcooling ("C) 2-100

Arrangement of the entrance/exit section

Horizontal/inclined with angle

Arrangement of the plasma-facing section

Horizontal

3.3 Qualification of the channel number

There are many parallel channels in the structure of the first wall.
In order to simplify the parametric study of flow instability in the

Frontiers in Energy Research

water-cooled blanket, the effect of the number of channels on the
prediction of flow instability is also qualified under different
pressures, as shown in Figure 5. For all conditions, the difference
of threshold heating power between two-channel, four-channel, and
nine-channel systems is no larger than 0.5 kW, which leads to the
almost overlapped boundaries in the stability map. Such an effect is
probably caused by the identical geometrical and thermal-hydraulic
parameters in the numerical calculation for different channel
numbers. Considering the calculation efficiency, the two-channel
system is adopted in the following parametric analysis.

4 Parametric study

The two-channel system shown in Figure 1 is established. The
geometrical and thermal-hydraulic parameters in the calculation are
given in Table 1. The geometry of the channel is ascertained with
reference to the design feature of the CFETR WCCB blanket. The
parametric influence of the pressure, resistance, flow rate, and
inclination on the flow instability is investigated using the
control variable method.
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FIGURE 6 comparison shows that the heating power along all the flow

Influence of pressure on the flow instability boundary.

4.1 Influence of pressure

10.3389/fenrg.2023.1251233

The pressure influence is mainly on the physical properties of
the water coolant. The higher the pressure, the larger the density.
Then, the propagation of the disturbance is faster under high
pressure, which leads to a smaller time lag between the single-
phase zone and the two-phase mixture. Therefore, the system is
more stable under higher pressure, which is also presented in
Figure 6 by the constant quality line on the stability map under

paths has an obvious destabilizing effect on the parallel-channel

system in the water-cooled blanket. Therefore, the heat distribution
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FIGURE 7

Influence of inclination on the flow instability boundary under (A) 3 MPa, (B) 7 MPa, (C) 10 MPa, and (D) 15.5 MPa.
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Influence of resistance on the flow instability boundary under (A) 3 MPa, (B) 7 MPa, (C) 10 MPa, and (D) 15.5 MPa.

in the blanket should not be ignored in the flow instability analysis.
Such an effect could also be observed for the threshold quality of
0.25 under 7 MPa compared to the value of 0.56 under the BWR
condition of 7 MPa reported in Lian et al. (2019). The destabilizing
effect is mainly caused by the distribution change of single-phase
water and two-phase mixture. The longer two-phase zone in the
blanket channel could enlarge the time lag effect, which results in the
flow instability occurring earlier with a lower heating power.

4.2 Influence of inclination

The blankets along the poloidal direction in CFETR form a
D-shaped chamber in which the plasma fusion produces energy.
Although the plasma-facing section of the first wall is maintained
horizontally in all blankets according to the design feature of the
CFETR WCCB blanket (Liu et al., 2022), the entrance and exit
sections incline with a certain angle based on the installation
location of the blanket. The inclined angle in this study is
assumed between —90° and +45° with reference to the blanket
arrangement in CFETR.

Due to the structure of the water-cooled blanket, the entrance
and exit sections are inclined, while the plasma-facing section is
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always horizontal. The influence of inclination in such a unique
structure is quite different from that for the inclined channel in most
research studies, in which the whole channel is inclined with some
angle. The inclination of entrance and exit sections can influence the
distribution of pressure drop in the single-phase zone and two-phase
mixture. If the entrance and exit sections are all horizontal, the flow
instability is dominated by the frictional pressure drop, which is
usually out-phase with the inlet flow rate (Tian et al., 2020). On the
other hand, if the entrance and exit sections are inclined, the
gravitational pressure drop plays a more important role than that
with the horizontal entrance and exit sections. In general, the relative
magnitude of in-phase and out-phase pressure drop along all the
channels, including the horizontal plasma-facing section, dominates
the stability characteristics of the system with inclined entrance and
exit sections. The detailed influence is shown in Figure 7 under
different pressures. Under the relatively low pressure of 3 MPa and
7 MPa, the inclination of entrance and exit sections makes the
parallel-channel system more unstable since the boundary in the
stability map moves toward the left, which means that the flow
instability occurs under lower quality. However, under the relatively
high pressure of 10 MPa and 15.5 MPa, the influence of inclination is
more complicated. In the high subcooling region, the inclination has
a similar destabilizing effect on the system, while in the low
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Influence of the flow rate on the flow instability boundary under (A) 3 MPa, (B) 7 MPa, (C) 10 MPa, and (D) 15.5 MPa.

subcooling region, some inclination conditions stabilize the system.
From the point of view of the conservative estimate, the inclination
could be considered a disadvantageous factor for the stability of the
parallel-channel system in the water-cooled blanket. Under the
designed operation condition with the pressure of 15.5 MPa, the
threshold quality is reduced from 0.38 to 0.3 with the inclined angle
of —90°, which validates that the joint influence of inclination and
heating distribution along all the flow paths makes the system more
unstable even under the high pressure of 15.5 MPa.

4.3 Influence of resistance

For the design of the first wall of the CFETR WCCB blanket,
approximately 95 channels are connected to the inlet and outlet
manifolds. The flow area deference between the flow channel and
manifolds is large enough to generate a concentrated form loss when
the fluid flows through the junction. Since the inlet and outlet of the
flow channel are almost the same, the inlet and outlet resistances are
considered by changing the inlet and outlet resistance coefficients
simultaneously. The resistance coefficients are assumed to be
0-40 to perform the parametric analysis of flow instability.

Frontiers in Energy Research

Due to the time lag of void propagation in the two-phase
mixture, the inlet flow and outlet flow rates are not synchronous
after the disturbance. It is widely accepted that the inlet resistance
stabilizes the parallel-channel system, while the outlet resistance has
the opposite function (Colombo et al., 2012; Xia et al., 2012; Lian
et al,, 2018). This is because the concentrated form pressure drop at
the inlet is in-phase with the inlet flow rate, while the outlet form
pressure drop is out-phase. The joint influence of inlet and outlet
resistances is shown in Figure 8 under different pressures. For most
conditions with a pressure of 7-15.5 MPa, the destabilizing effect of
outlet resistance plays a dominant role in the stability characteristic
of parallel channels in the water-cooled blanket. Under some
particular conditions, such as high subcooling with a pressure of
10 MPa, the inlet stabilizing effect is more evident if the resistance
coefficient is 5. For the condition with a low pressure of 3 MPa, the
system is always more stable compared to that with no resistance at
the inlet and outlet. For the nominal operating condition with a
pressure of 15.5 MPa, the larger the coefficient, the more unstable
the parallel-channel system is due to the destabilizing effect at the
outlet. The threshold quality is reduced to 0.2 with the coefficient k =
40, which indicates that the flow instability occurs more easily with
the unique geometry structure of the first wall in the WCCB blanket.
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The uneven resistance for the inlet and outlet is suggested during the
design stage to obtain a more stable operating point for the blanket.

4.4 Influence of the flow rate

CFETR is proposed to operate on different fusion power levels from
200 MW to 1.5 GW. Correspondingly, the flow rate in the first wall of
the WCCB blanket is adjusted from 0.06 kg/s to 0.12 kg/s to cool down
the first wall with the demand temperature of 285°C/325°C. The
influence of the flow rate on the instability of the parallel-channel
system is clear. The large flow rate means the relatively long single-
phase region in the channel, and the time lag of void propagation in the
two-phase zone reduces, which has a stabilizing effect on the system. The
detailed influence of the flow rate is shown in Figure 9 under different
pressures. It is found that under all the conditions, the system is the most
stable with a flow rate of 0.12 kg/s in the channel, while its stability is the
worst if the flow rate is 0.06 kg/s. It is believed that if the flow rate is large
enough, there will be no two-phase flow instability in the parallel-channel
system even with the high-density heating power on the plasma-facing
section. The ratio of the two-phase region reduces, and the small effect of
time lag could not trigger the flow instability. For the nominal operating
condition with a pressure of 15.5 MPa, the threshold quality reduced to
0.24 with a flow rate of 0.06 kg/s in the channel. The destabilizing effect of
a low flow rate could not be eliminated for the system, which is of
practical interest for the operation of the blanket.

5 Conclusion

In this study, the parametric influence of different factors on the
density wave instability in a water-cooled blanket has been
investigated using the thermal-hydraulic model developed for the
parallel-channel system. The geometrical structure and operating
conditions are ascertained with reference to the design feature of the
CFETR WCCB blanket. The method of slight power disturbance on
the plasma-facing section of the first wall is used to determine if the
system could maintain its original operating point. The parametric
study is performed for pressure, resistance, flow rate, and
inclination. The main conclusions are summarized as follows:

(1) If the geometrical and thermal-hydraulic parameters in parallel
channels are all identical in the calculation, the influence of the
number of channels on the prediction of flow instability could
be neglected for the high efficiency of calculation. The difference
of threshold heating power between two-channel, four-channel,
and nine-channel systems is no larger than 0.5 kW.

(2

~

Considering the unique geometry structure and heating
distribution in a water-cooled blanket, the flow instability
occurs more easily in parallel channels with heating power
along all the flow paths compared to the analysis only
considering the heating effect of the plasma-facing section.
The destabilizing effect is caused by the enlarged ratio of the
two-phase zone with an increase in time lag. Therefore, detailed
the
characteristics of the water-cooled blanket structure.

modeling is more reliable, considering unique

A3)

The influence of pressure and flow rate on the flow instability in the
parallel-channel system of the water-cooled blanket is similar to
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that in the traditional vertical channel system. The system is more
stable with the higher pressure and larger flow rate, which could
reduce the time lag effect in the two-phase zone in the channel.
(4) The influence of the inclination of entrance and exit sections is
quite complicated under different pressures. The changed
the

characteristics of the system. In general, the inclination could

pressure  drop  distribution  dominates stability
be considered a disadvantageous factor for the system stability
from the perspective of a conservative estimate.

(5

~

The joint influence of even resistance at the inlet and outlet of
the flow channel should be evaluated specifically under different
pressures. For a system with a pressure of 3 MPa, it has a
stabilizing effect, while for conditions with other pressure
values, the destabilizing effect is more evident. The uneven
resistance for the inlet and outlet is suggested during the design
stage of the water-cooled blanket.

The unified regularity of influence for different parameters on the
flow instability in the water-cooled blanket could not be obtained.
Therefore, the specific stability analysis should be carried out during
the design of different modules of the water-cooled blanket. To design
the blanket with enough margin to avoid the occurrence of flow
instability, some blanket features need to be optimized, such as the
inlet and outlet resistances. A detailed stability analysis should be
performed for other structures of the water-cooled blanket besides the
first wall. The influence of the transient process of rapid heat loading
for plasma breakdown should be investigated in future works to avoid
the potential danger for the blanket’s first wall from flow oscillation
between the parallel channels.
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Nomenclature

a Gravitational acceleration along the flow direction
A Fow area (m?)

D, Hydraulic diameter (m)

f Friction factor

8 Constant gravitational acceleration (m®s~)

h Specific enthalpy (Jekg™)

hyg Latent heat (Jokg™)

hy, Saturated liquid enthalpy (Jekg™)

hi, Inlet liquid enthalpy (Jekg™)

k Resistance coefficient

Nopen Phase change number

N Subcooling number

p Pressure (Pa)

Q Heating power (W)

Re Reynolds number

t Time (s)

u Velocity (mes™)

Vrg Specific volume difference between two saturated phases (m*ekg™")
Vs Specific volume of saturated liquid (m*ekg™)
w Mass flow rate (kges™)

Greek symbols

« Void fraction

1) Kronecker symbol

P Sensity (kgem™)

o7 Two-phase friction multiplier
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