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In the experimental advanced superconducting tokamak (EAST), the cooling channels of plasma-facing components (PFCs) are
familiarly connected in parallel through manifolds. According to the drainage performance of the PFCs, the amount of water
trapped in the cooling channels is directly correlated with the type of manifolds. To date, manifold types have been well studied
with respect to single-phase and mixed multiphase flow characteristics. However, there are few studies on the drainage per-
formance relevant to the type of manifolds. The friction effect and inertia effect in the manifold intake and exhaust are studied
through theoretical analysis. In addition, the draining liquid effect in the branches is dependent on the pressure difference and the
resistance coefficient. Furthermore, U-type and Z-type manifolds are studied with FLUENT to discuss their drainage capability in
this study. The distribution of the water volume fraction, pressure, and flow ratio is obtained to verify that the Z type is more
effective than the U type when applied in the drainage process. This is also supported by comparing the experimental value of the
two in drainage discharge. This study will provide a theoretical basis for future upgrades of EAST drainage systems.

1. Introduction

Manifolds are essentially used to supply or return cooling
water for plasma-facing components (PFCs), such as
divertors, in the experimental advanced superconducting
tokamak (EAST). In the process of device maintenance,
water filled in the channel needs to be blown out of the PFC
cooling channels by pressurized nitrogen through the
manifolds. According to the experimental results, the
cooling water filled in the single divertor module can be well
drained. However, when the cooling channel is connected
parallel to the manifolds, water can be trapped in the cooling
channel of the PFCs. Therefore, the drainage performance is
the most affected by the manifold structure type: the U-type
and Z-type manifolds are shown in Figure 1. Manifolds with
inlets and outlets on the same side are called U-type
manifolds. In contrast, those with the inlet and outlet on the
opposite side are called Z-type manifolds. Extensive research
has been carried out on the type of manifold structure [1-5].
The results are briefed below.

Miao Zhengging (2006) obtained analytical solutions
by introducing derived continuous and discrete mathe-
matical models for single-phase flow in parallel tube platen
systems. The flow characteristics along the header axes and
the connecting tubes were studied. When the friction loss
in the headers could not be neglected, a corrected velocity
to static pressure conversion coefficient would be derived.
It can be used to obtain analytical solutions of the corrected
static pressure and velocity in headers and connecting
tubes [1].

Junye Wang (2008) developed an analytical model based
on mass and momentum conservation to solve the flow and
pressure distribution in fuel cell stacks with a U-type ar-
rangement. Parameter sensitivity is also studied to deter-
mine the influence of geometrical structures and parameters
on the flow performance of fuel cell stacks. The solution
results show that friction and momentum effects work in
opposite directions. A proper balance of the two effects can
result in less nonuniformity and an optimal design of U-type
fuel cell stacks [2].
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FIGUre 1: Manifold type. (a) U type. (b) Z type.

Mayurkumar S. Gandhi et al. (2011) carried out CFD
simulations for the flow and pressure distribution of pure
steam in header and tube assemblies. The effects of design
parameters have been investigated over a wide range, such as
the tube pitch, header diameter, tube diameter, number of
tubes, and inlet or outlet pipe diameter. Meanwhile, ex-
perimental research has been performed on the scaled-down
geometry of header configuration “C1.” The numerical and
experimental results showed good agreement in that the tube
diameter, number of tubes, and locational arrangement with
respect to the inlet and/or outlet pipe were the most im-
portant design parameters affecting the flow and pressure
distribution in the pipeline network [3].

Hossein Asgharian et al. (2020) applied a CFD code to
investigate the pressure drop in gas channels, including inlet
and outlet manifolds with U- and Z-type arrangements, in
terms of a 10-cell PEM fuel cell stack. It was demonstrated
that there was no significant difference in pressure drop
between U- and Z-type arrangements when dry oxidant and
fuel were used. However, when the oxidant gas, especially
air, is humidified, utilization of a Z-type arrangement is
preferable because of a lower pressure drop [4].

Osman K. Siddiqui et al. (2020) and Simin performed
experimental and numerical investigations on the flow
distribution in U- and Z-type manifolds. In this study, flow
distribution measurements were performed using the par-
ticle image velocimetry (PIV) technique in two types of
rectangular manifolds. The experimental results were further
verified against the results obtained from numerical mod-
eling with similar trends. The results showed a similar flow
distribution at a lower flow rate. At a higher flow rate, the
U-type manifolds had a better flow distribution than the
Z-type manifolds [5].

From the literature review, it is observed that the ap-
plicability of different types of manifolds will change
according to application conditions. Therefore, it is neces-
sary to analyze the applicability of manifold types under
drainage and drying conditions. Moreover, research on the
phenomenon of drainage in U-type and Z-type manifolds is
rare. In this study, the influence of manifold type on the
drainage and drying processes of internal components is
analyzed in detail with FLUENT software. The distribution
of the water volume fraction, pressure, and flow ratio is
obtained to verify that the drainage and drying effects of

manifolds are related to the type of manifolds. Furthermore,
the results obtained in this study can provide a reference for
the design and analysis of fusion reactor drying systems.

2. Mathematical Analysis

In the theoretical analysis of manifolds, the mass and mo-
mentum conservation equations are applied to the manifold
control volume. Unlike single-phase flow, gas-liquid two-
phase flow is analyzed based on the gas-liquid flow pattern
and other assumptions [6-8]. Therefore, the development of
the theoretical model is based on the following assumptions

[7]:

(1) The gas-liquid two-phase flow pattern in the intake
and exhaust manifolds is stratified flow, and it in the
manifold branch is annular flow

(2) The two-phase flow in the adiabatic state is stable and
uniform in circumference

(3) Gas and liquid in the manifold branch flow in the
same direction

2.1. Drainage Characteristics of Branch Pipe. The manifold
branch between the manifold intake and exhaust was
modeled as shown in Figure 2. The momentum conservation
equations of the gas and annular liquid in the branch are
applied to the manifold control volume under the separated
flow model [9-15].

For the branch of gas flow from the intake shown in
Figure 2(a), the momentum conservation equations of the
gas and liquid are written as follows:

dp

d;S as, + Pe;t; — p,gasS, =0, (1)
dp
d;s (1-a)S, — Pe;T; + Peyyt,, —pg(1—a)S, = 0. (2)

Adding equations (1) and (2) together, equation (3) can
be obtained as follows:

dPy, 4
d; =—D—brw+pggoc+plg(l—a). (3)
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FIGURE 2: The theoretical model of the manifold branch. (a) The branch that gas flows from the intake. (b) The branch that gas flows into the

exhaust.

After substituting equation (15) into equation (3),
equation (3) can be rearranged as the following equation:
dpP bs _f wPI

dy = Z—Db-ulz+pgg(x+p,g(1—oc), (4)

where dP,/dy is the axial pressure gradient of the branch
connected through the supply header, Pe; and Pe,, are the
wetted perimeter of the pipe wall and circumference of the
gas core, respectively, « is the void fraction, Dy, is the di-
ameter of the manifold branch, S, is the cross-sectional area
of the manifold branch, 7, is the wall shear force, and 7; is
the gas-liquid shear force.

Two constants are defined: A is the resistance coefficient,
and B is the gravity coefficient.

A= prl’
2D,

(5)
B=p,ga+pg(l-a.
Equation (18) can be rearranged as the following
equation:
dPy,
dy

=-A-u/ +B. (6)

Similar to the deduction of the formula for the branch in
which gas flows from the intake, the pressure distribution of
the branch in which gas flows into the exhaust can be ob-
tained along the Y-axial coordinate.

dp br
dy

=-A-u -B. (7)

The pressure gradient can also be expressed as follows:

dp
dybs = P, (y = Ay) = Py (), (8)
dp
a, = PO = Puly-a. ()

Neglecting the pressure drop between the branch in
which gas flows from the intake and the branch in which gas

flows into the exhaust, equations (6) and (7) are added
together. Then, substituting equations (8) and (9), equation
(10) can be obtained as follows:

Py, () = Py () = —2Au;. (10)

The relationship of liquid velocity to the branch pipe can
be described as follows:

A Pbr(y)_Pbs(y)
u = ——2A .

The liquid flow velocity in the branch pipe is mainly
directly proportional to the pressure difference between the
manifold intake and exhaust and inversely proportional to
the resistance coefficient in the branch pipe. In this regard,
the following modeling and analysis are carried out to de-
termine the pressure distribution characteristics of the
header of the U-type and Z-type manifolds.

(11)

2.2. Pressure Distribution Characteristics of the Header. In
this study, the unit control volume model of the manifold
intake, as shown in Figure 3, is established. The positive X
direction is the gas flow direction; the gas-liquid two-phase
flow is in a stratified flow state, the gas phase is above the
manifold intake, and the liquid phase is below the manifold
intake. The gas pressure in the manifold header is the key
driving force for drainage. In this way, this study establishes
the mass conservation equation and momentum conser-
vation equation for the gas in the manifold intake, as shown
in equations [7-13].

2.2.1. Mass Conservation.
dUgs
PgngUgs =Png Ugs"'HAX +ngnggb’ (12)

_ FyhX dU,, 03
gb F, dx’

where F ; and F, are the gas cross-sectional areas of the

manifold intake and branch, respectively, U, is the
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FiGURE 3: The theoretical model of manifold intake.

manifold intake velocity, W, is the manifold branch ve-
locity, AX is the length of the manifold intake control
volume, and p is the gas density [7].

2.2.2. Momentum Conservation.

dPS dU s ? 2
PngS_(Ps + dx AX>ng_(Twsg +Tisg)7TDs\/a—s=p9F9$(Ugs+d—)?AX) +nggbUgngb_nggsUgs> (14)
2
_ prgUgs (15)
Twsg 8 >
2
- fipg(Ugs - Uls) (16)
isg P >
ng = ﬁsUgs' (17)

After substituting equations (13), (15), (16), and (16) into
equation (14), equation (14) can be rearranged as the fol-
lowing equation:

ﬂ_ fw 2 fi

U
dX ~ 2D,yal? % 2D ya;

where U, and U, are the gas and liquid velocities of the
manifold intake, respectively, P, is the manifold intake
pressure, f,, is the resistance coeflicient between the gas and
wall, f; is the resistance coefficient between the gas and
liquid, D is the diameter of the manifold intake, «, is the
void fraction of the manifold intake, and f3; is the average
velocity ratio in the manifold intake.

dp .
ax " 2wa Pl .
&Vt oD, v

where U, and U, are the gas and liquid velocities of the
manifold exhaust, respectively, P, is the manifold ex-

haust pressure, D, is the diameter of the manifold

du

2 g
aspg(Ugs - UIS) - (2 - ﬁs)PgUgsH) (18)

At the same time, this study also establishes the unit
control volume model of the manifold exhaust, as shown in
Figure 4. The positive direction of X is still right, but the gas
flow direction is the X negative direction. For the gas in the
manifold exhaust, the mass conservation equation and
momentum conservation equation are established. Simi-
larly, the formula in the same form as equation (18) can be
obtained, as shown in the following equation:

dUu

2 r
Pg(Ugr - Ulr) - (2 - ﬂr)nggrd—;’ (19)

exhaust, «, is the void fraction of the manifold exhaust,
and f3, is the average velocity ratio in the manifold
exhaust.
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F1GURE 4: The theoretical model of U-type manifold exhaust.

The first two terms of equations (18) and (19) are the
friction resistance terms generated by the gas-liquid inter-
phase friction and the friction between the gas and wall
[10-15]. The resistance direction is opposite to the flow
direction. Therefore, the friction resistance term of equation
(18) is a negative term and that of equation (18) is a positive
term; the last terms of equations (18) and (19) are the inertia
terms caused by the action of diversion and confluence,
respectively.

The manifold intake has the function of shunting; the
flow gradually decreases along the positive direction of the X
axis, and the velocity gradient is less than zero. It is con-
cluded that the inertia term of the last term of equation (18)
is positive, but the first two terms are negative. Therefore, the
pressure distribution of the manifold intake is mainly the
game between the friction resistance term and the inertia
term [15, 16]. The friction term tends to decrease the
pressure, and the inertia term tends to increase the pressure.
As shown in Figure 5, under ideal working conditions, if the
inertia term is dominant, the pressure of the manifold intake
gradually increases along the positive X direction (area 1). If
the friction resistance term is dominant, the pressure of the
manifold intake gradually decreases along the positive X
direction (area 3). Under actual working conditions, the
pressure distribution of the manifold intake is mainly in
shadow area 2 [16-18].

In the manifold exhaust, since the velocity gradient of the
manifold exhaust along the positive direction of the X axis is
negative, it is concluded that the inertia term is positive. In
addition, although the frictional resistance term is negative
along the flow direction, it is also positive along the positive
direction of the X axis. Therefore, both the inertia term and
the frictional resistance term tend to increase the pressure
along the positive direction of the X axis. Therefore, the
pressure distribution of the manifold exhaust gradually
increases along the positive direction of the X axis. As shown
in Figure 5, the manifold exhaust outlet of Z-type manifolds
is the same as the positive X direction, so the manifold
exhaust pressure of the Z-type manifolds gradually decreases
along the positive X direction. However, the U-type man-
ifold outlet direction of the manifold exhaust is opposite to
the positive X direction, so the manifold exhaust pressure of
the U-type manifolds gradually increases along the positive
X direction. In short, due to the confluence effect of the
manifold exhaust, along the flow direction, the flow velocity
increases, the dynamic pressure increases, and the pressure
of the collecting main pipe gradually decreases.

- - - the manifolds intake

- - the manifolds exhaust of the U-type
- - the manifolds exhaust of the Z-type

F1GURe 5: Header pressure distribution of different manifold types.

According to the above analysis, the discharge speed of
the branch pipe is related to the pressure distribution of the
header of the manifolds. Therefore, the pressure distribution
of the header caused by the U-type manifolds and Z-type
manifolds will inevitably have an important impact on the
drainage and drying processes.

3. CFD Numerical Analysis

CFD numerical simulation supports flow field analysis,
calculation, and prediction so that we can more deeply
understand the mechanism of the problem and provide
guidance for the experiment [19, 20]. This part includes the
development of the model, mathematical models, and
meshing that are applied during the analysis. They are briefly
described below [21].

3.1. Model Description. The manifold is composed of the
manifold intake (supply header), manifold exhaust (return
header), and manifold branches in isometric arrangement
(Figure 6). In addition, the left port of the supply header is
set as the gas inlet, and the dead ends are set at the right port.
Furthermore, the left port of the return header is required to
be the outlet in the U-type manifold. The outlet of the Z-type
manifold is the right port of the return header.

To track the thermal and hydraulic characteristics of the
manifold, monitoring planes are selected along the gravity
direction of the manifold (Figure 7).

3.2. Mathematical Models. The VOF model adapted in the
research can track the interface of the gas-liquid two-phase
flow [21]. Furthermore, the k—¢ turbulence model can ac-
curately predict the phenomenon of shear flow [22], vortex,
and separated flow [21, 23], including the dissipation rate. In
addition, compared the k—e turbulence model with the
Reynolds stress model [21, 24], the k—e turbulence model
consumes fewer computing resources [21]. Therefore, the
k—¢ turbulence model written as equations (20) and (21) [21]
is adopted in this study.
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FIGURE 6: Schematic representation of the manifold.

FiGure 7: The selected monitoring planes (red color is return header and its branches, and blue color is supply header and its branches).
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where t represents the flow time; k represents the turbulent
kinetic energy; e represents the dissipated energy; u; rep-
resents the time-averaged velocity; y, represents the tur-
bulent viscosity; f, is the damping function; T', represents
the large-eddy time scale; T, represents the source-de-
pendent specific time scale; P, and P, are the turbulence
production terms; g, corresponds to the ambient turbulence
value in the source; C,,, C,,, 0,, and 0, represent the model
coefficients; and S, and S, represent the source term.

3.3. Meshing. FLUENT-Meshing is adopted for the meshing
of the model [15]. An unstructured tetrahedral mesh was
mainly generated in this study. Five layers of mesh were built
for the near-wall boundary. The validation of grid indepen-
dence is an essential step for FLUENT simulation. In this study,
four mesh types were used for the validation, namely, 1.5
million, 3.3 million, 5.6 million, and 9.0 million meshes. The
outlet velocity of the Z-type manifold is treated as the objective
parameter. Figure 8 shows the temperature value with different
mesh numbers. According to the results, a 3.3 million mesh can
be regarded as a grid-independent solution [24, 25].

4. Results and Discussions

Figure 9 shows the change in the water volume fraction of
the U-type and Z-type manifolds over time when the
pressure difference was 5 kPa, 10 kPa, and 20 kPa [26, 27]. In

ax-] +Pp-ple—g)+Sp
j

A
+0£>ax‘

(20)

1 £ €
+C£P£_C£fp<_0>+ss’ (21)
T 1 2¢J 2 Te TO

e

addition, it could be seen from these figures that the water in
the U-type and Z-type manifolds could be completely blown
out under a pressure difference of 20 kPa and could not be
completely blown out under a pressure difference of 5kPa.
However, the amount of residual water in the Z-type
manifold was less than that in the U-type manifold. Fur-
thermore, under a pressure difference of 10 kPa, the water in
the Z-type manifold was completely drained, but there was
little water trapped in the U-type manifold. Meanwhile,
there was a significant difference in the volume fraction of
the liquid phase at 3s. The contour of the water volume
fraction in the U-type and Z-type manifolds at 3s is pre-
sented in Figure 10. Moreover, it was observed that the
amount of water in the Z-type manifold was less than that in
the U-type manifold at the same time. The water was mainly
trapped in the location far away from the inlet of the supply
header. This location was also called the water retention
domain.

According to the theoretical analysis, the discharge speed
of the branch pipe is related to the static pressure difference
between the manifold intake and exhaust. Therefore, Fig-
ure 11 shows the static pressure values of the U-type
manifold and the Z-type manifold under the monitoring
surface shown in Figure 7 at 3s. Through comparative
theoretical analysis, it is found that the pressure of the
manifold intake is mainly distributed in shadow area 2,
showing a decreasing trend to a stable value and then a rising
trend, and the friction resistance term and inertia term are
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FIGURE 9: Variation in liquid volume fraction with time under different pressure differences. (a) U-type manifold. (b) Z-type manifold.

restrained by each other. Under the effect of fluid collection,
the fluid kinetic energy increases and the static pressure
decreases along the flow direction of the manifold exhaust,
but the outlet directions of the U-type manifold and the
Z-type manifold are in the opposite position, resulting in the
pressure of the manifold exhaust of the U-type manifold
gradually increasing along the positive X direction while the
pressure of the manifold exhaust of the Z-type manifold
gradually decreasing along the positive X direction. In ad-
dition, when there is no retained water in the branch pipe,
the flow rate is large, resulting in a decrease in static pressure.
The blocking effect of the retained water in the branch pipe
on the flow rate leads to a decrease in the flow rate and an
increase in the static pressure. Figure 11 shows that the static

pressure of branch pipes 4 and 5 on the right side of the
U-type manifold and the Z-type manifold increases at 3.
Compared with the gas-liquid distribution in Figure 10, it is
found that there is retained water in the right branch pipe of
the U-type manifold and the Z-type manifold, which belongs
to the water retention area. Due to a large amount of retained
water, the drainage resistance of the branch pipe is large.
Compared with the left branch pipe of the manifold, the
larger drainage resistance of the right branch pipe needs to
be matched with a larger static pressure difference, but the
static pressure difference in the water retention area of the
U-type manifold is small. At this time, according to a
comparison of the static pressure distribution of the Z-type
manifold intake and exhaust at 3 s, it is found that the static
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F1GURre 10: The contour of the water volume fraction at 3 s. (a) 5 kPa pressure difference in the U type. (b) 5 kPa pressure difference in the Z
type. (c) 10 kPa pressure difference in the U type. (d) 10 kPa pressure difference in the Z type. (e) 20 kPa pressure difference in the U type. (f)
20 kPa pressure difference in the Z type.
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F1GURre 12: Flow ratio distribution of the manifold branches under a pressure difference of 10 kPa. (a) U-type manifold. (b) Z-type manifold.

pressure difference of the Z-type manifold in the water
retention area is large. Even if the branch pipe has a large
resistance, the retained water can be discharged well under
large differential pressure, so it has a better drainage effect
and better dryness.

Due to the varied pressure difference and resistance
distribution in the manifold, there was a phenomenon of
uneven flow in the branch pipe of the manifold. Therefore,
the flow ratio, which was defined in equation (22), is an
important indicator to predict the uniformity of branch flow
based on U-type and Z-type manifolds. The value of the flow

ratio is between 0 and 1. The closer the flow ratio is to 0.2, the
more uniform the flow distribution will be.

YLQ

«

In equation (22), “” denotes the locations of the
branches of the manifolds. Thus, Q; refers to the gas-liquid
mixed flow at location i.

At different points of time, when the pressure dif-
ference was 10 kPa, the flow ratio of the U-type and Z-type

Vi (22)
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FiGure 13: The contour of the water volume fraction at 30s. (a) U-type manifold. (b) Z-type manifold.
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FIGURE 14: Flow ratio standard deviation distribution at different time points.

manifold branches is shown in Figure 12. From Figure 12,
it was observed that the flow ratio of the branches located
in the water retention domain was far below 0.2. However,
the flow ratio of each branch of the Z-type manifold is
more uniform than that of the U-type manifold over time.
Moreover, due to the large pressure difference in the
Z-type manifold water retention domain, the flow ratio of
branches 4 and 5 was slightly higher than 0.2. Further-
more, the no. 4 branch flow ratio of the U-type manifold
was nearly 0, which indicated that the water could be
trapped in the no. 4 branch. This could be verified by the
contour of the water volume fraction at 30's, as shown in
Figure 13. The water in the Z-type manifold had been
completely drained, but residual water still stayed in the
no. 4 branch of the U-type manifold.

The flow ratio in the branches of the U-type and Z-type
manifolds was uniform, but there were differences. Figure 14
shows the flow ratio standard deviation distribution of
different manifold branches at different time points. The
closer the value is to zero, the more uniform the flow dis-
tribution is. It is further found that the flow distribution of
Z-type manifold branches is always more uniform than that
of U-type manifold branches. Furthermore, the branch
nonuniform extent of the U-type manifold was always more
than ten percent. On the other hand, the nonuniform extent
of the branches of the Z-type manifold was already less than
ten percent at 5s and almost uniformly distributed at 10s.
Consequently, compared with the U-type manifold, the
branch flow distribution of the Z-type manifold is more
uniform under the condition of drainage.
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F1GURE 15: Comparison of displacement of different manifold types.

5. Validation of Simulation Results against
Selected Boundary Conditions

To validate the simulation results for the effect of the
U-type and Z-type manifolds on the drainage drying
process, geometric model test samples consistent with the
simulation are prepared. The differential pressure trans-
mitter is used to measure the inlet and outlet pressures of
the manifold test samples to reach the selected differential
pressure boundary condition of 10 kPa. At the same time,
the drainage discharge of the manifolds in the drainage
and drying processes is measured in real time by the
weighing sensor. The drainage discharge of different types
of manifolds is compared under the selected boundary
conditions.

Based on the experimental results, both amounts of
water draining of the U-type and Z-type manifolds are
shown in Figure 15. Under the same selected boundary
conditions, the drainage discharge of the Z-type manifold
is greater, which again verifies that the Z-type manifold
has more advantages under the conditions of drainage and
drying. The experimental results are reliable and in line
with expectations of the theoretical and numerical
analysis.

6. Conclusions

This study uses dynamic theory to construct a branch pipe
drainage characteristic model and a pressure distribution
model of manifold intake and exhaust and to study the effect
of manifold type on the drying process. Based on numerical
analysis of the drying process of the U-type and Z-type
manifolds, taking the volume fraction of the liquid phase in
the manifolds, the pressure distribution of the manifold
intake and exhaust, and the flow distribution of the branch
pipe as indicators, it is proposed that the Z-type manifold
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can obtain higher dryness at the same pressure difference,
which is verified by comparing the experimental value of
drainage discharge. Moreover, the influence of the manifold
structure on the drying system is revealed, which provides a
reference for the design of fusion reactor drying systems in
the future.
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