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High working temperature is a major feature of the high temperature gas-cooled reactor
(HTGR). The helical tube once through steam generator (OTSG) should maintain
appropriate temperature uniformity. The temperature non-uniformity of the HTGR
OTSG includes the in-unit and inter-unit temperature non-uniformity, while the latter is
mainly induced by the inter-unit flow rate non-uniformity of primary-side hot helium, which
is significantly affected by the inlet structure. In this work, a new inlet structure with a hot
helium flow homogenizer is designed, and its flow distribution characteristics are
numerically investigated. Accordingly, the optimal geometrical parameters are
determined, such as the circular hole diameter on the end wall, the square hole size,
and arrangement on the cylinder wall. Increasing the resistance of the flow homogenizer
with non-uniformly arranged square holes (NUASHSs) can improve inter-unit flow rate
uniformity because it decreases the effect of static pressure difference caused by dynamic
pressure. Two design parameters (resistance coefficient and flow area ratio of the square
hole on both sides) are introduced to evaluate the structure effect of the hot helium flow
homogenizer on inter-unit flow rate distribution. They are recommended within the ranges
of (7.81-22.42) and (0.53-1.64), respectively. In these recommended ranges, the suction
phenomenon near the hot helium inlet can be effectively suppressed, with the critical
resistance coefficient of 7.63. By coupling with 19 heat exchange units, the overall
performance of the hot helium flow homogenizer is better than that of the current inlet
structure with a baffle, with the maximum inter-unit flow rate deviation decreased from
2.97% to 0.30%. This one-magnitude enhancement indicates that the hot helium flow
homogenizer with NUASHS is a promising solution to improve inter-unit flow rate uniformity
of the HTGR OTSG.

Keywords: high temperature gas-cooled reactor, once through steam generator, inlet structure, hot helium flow
homogenizer, inter-unit flow rate uniformity
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1 INTRODUCTION

The high temperature gas-cooled reactor (HTGR) has the
characteristics of the fourth-generation advanced nuclear
power system. It has the outstanding advantages of excellent
inherent safety, continuous fuel loading and discharging, high
temperature and high power generation efficiency, etc. (Wu and
Zhang, 2000; Wu et al., 2002; Generation-IV International
Forum, 2002). HTGR can extend the nuclear energy
application to high-temperature heat utilization and hydrogen
production (Zhang and Sun, 2007; Zhang et al., 2009). At the
Shidao Bay site in China, the world’s first high-temperature gas-
cooled reactor pebble-bed module (HTR-PM) demonstration
power plant of 200MW., achieved criticality for the first time
in September 2021, and was connected to the grid on December
20, 2021 (Zhang et al., 2016). On the basis of HTR-PM, a 600-
MW, nuclear power plant has been proposed, as the next step of
HTGR application in China.

The helical tube once through steam generator (OTSG) is an
important equipment of the HTGR, which is characterized by its
compact structure, high working temperature, and once through
flow pattern. It is not only the pressure boundary of HTGR
coolant but also the key heat exchanger between the primary and
secondary loops. The primary-side helium absorbs fission heat
from the reactor core and then heats the secondary-side water to
superheated steam through the helical heat transfer tube bundles
in the OTSG (Li et al, 2019a). Compared with the traditional
U-tube natural circulation steam generator of the pressurized
water reactor (PWR), the thermal hydraulic characteristics of the
HTGR OTSG are quite different. Due to the high working
temperature of 750°C, the design temperature of the helical
heat transfer tube almost reaches the upper limit of the high-
temperature material (Incoloy 800H) used in the HTGR OTSG.
According to reference (ASME, 2015), the allowable stress of
Incoloy 800H at 750°C will decrease to only one-tenth of that at
normal temperature. The non-uniform temperature distribution
may lead to the working temperature of certain helical heat
transfer tubes above its design temperature. This will aggravate
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the material creep or even rupture the helical tubes. The
representative examples were Heysham #1 and #2 advanced
gas-cooled reactors (AGRs) built in the early 1980s in the UK.
There was a large non-uniform temperature distribution among
the helical heat transfer tubes of the OTSG during the
commissioning. In order to ensure the maximum working
temperature of the helical tube below the design temperature,
the reactor operation power had to be reduced to 68% of the
design value (Mathews, 1987). Therefore, the temperature non-
uniformity can seriously affect the reliability and in-service
lifecycle of the HTGR OTSG, which needs further detailed
analysis.

The HTGR OTSG is generally composed of inlet structure and
heat exchange units. The inlet structure consists of the primary-
side hot helium inlet, upper chamber, main steam header, and
support plate, as shown in Figure 1A. Moreover, there are 19
separate heat exchange units (19 helical heat transfer tube
bundles) with identical geometrical parameters. Their
arrangement is presented in Figure 1B.

Primary-side hot helium enters the upper chamber from the
inlet and then flows over the helical heat transfer tube bundles
from the top to the bottom. The secondary-side cold water flows
into the helical heat transfer tubes from the bottom to the top.
This counterflow realizes the heat exchange between the primary
and secondary loops.

The temperature non-uniformity of the HTGR OTSG can be
divided into two types, that is, in-unit and inter-unit non-
uniformity. This temperature non-uniformity classification has
been analyzed in detail in the literatures (Li, 2012; Li et al., 2016;
Gao, 2020). Works have been conducted to investigate the in-unit
temperature non-uniformity (among the helical heat transfer
tubes). It has been reported that the wall effect, helical effect,
temperature mixing effect, reverse winding of adjacent helical
tube layers in the tube bundle, and geometrical parameter
variations induced by the fabrication tolerance are the main
reasons for in-unit temperature non-uniformity (Li and Wu,
2013; Olson et al., 2014; Li et al., 2014; Iacovides et al., 2014; Li
et al., 2019b; da Silva et al., 2019; Gao et al., 2020). Furthermore,

A
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helium inlet e AR

Upper chamber

Support plate
Pressure vessel

Heat exchange units

Secondary-side feed
water inlet

FIGURE 1 | Schematic of the HTGR OTSG Zhang et al., 2009. (A) Geometrical model. (B) Cross section.
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FIGURE 2 | Schematic of the hot helium flow homogenizer. (A) Main view. (B) Bottom view. (C) Perspective view.

the above-mentioned in-unit temperature non-uniformity has
also been experimentally verified in the 10-MW engineering
test facility-steam generator (ETF-SG) for the HTR-PM
(Zhang et al, 2016). The inter-unit temperature non-
uniformity is mainly influenced by the inlet structure and hot
helium temperature uniformity at the OTSG inlet. Previous
investigations have documented that the hot helium mixing
structure installed at the reactor core outlet of the HTR-PM
can realize the thermal mixing efficiency above 98% (Zhou et al.,
2011; Zhou et al,, 2016). Therefore, this study will focus on the
effect of the HTGR OTSG inlet structure on inter-unit
temperature non-uniformity.

In fact, the non-uniform flow rate distribution among the heat
exchange units can result in significant inter-unit temperature
non-uniformity. Existing research has proposed the structure
with a baffle to improve inter-unit flow rate uniformity
(Zhang et al, 2011). This is also the current inlet structure
adopted by the HTR-PM. As a promising structure
optimization, a new inlet structure (i.e, hot helium flow
homogenizer) is designed in the present work. Its flow
distribution characteristics are numerically investigated using
the computational fluid dynamics (CFD) method. Then, the
effects of different geometrical parameters on inter-unit flow
rate uniformity are discussed. The optimal geometrical
parameters of this newly designed hot helium flow
homogenizer are proposed. Eventually, the overall flow rate

distribution is simulated by coupling the inlet structure and 19
heat exchange units, to further verify the optimal geometrical
parameters.

2 NUMERICAL SIMULATION

2.1 Geometrical Model of Hot Helium Flow

Homogenizer
Figure 2 illustrates the geometrical model of the hot helium flow
homogenizer.

In Figure 2C, the hot helium flow homogenizer has a
cylindrical structure, where the side and bottom are defined as
the cylinder wall and end wall. For the cylinder wall, there are
some rectangular holes (referred to as the square holes)
distributed in a certain arrangement, while some circular holes
are uniformly hollowed out on the end wall. The main steam
header occupies a certain space of the upper chamber and shields
several heat exchange units. It causes the asymmetrical structure
of the hot helium flow homogenizer, which will affect inter-unit
flow rate uniformity. The main geometrical parameters of the hot
helium flow homogenizer are shown in Table 1.

2.2 Numerical Methods

The numerical simulation is performed in two steps. First, the
three-dimensional (3D) full-scale modeling is carried out for the
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TABLE 1 | Geometrical parameters of the hot helium flow homogenizer.

Parameter

Length (mm)

Inner diameter of primary-side hot helium inlet (mm)

Inner diameter of upper chamber (mm)
Inner diameter of flow homogenizer (mm)
Flow homogenizer thickness (mm)

Flow Homogenizer of HTGR OTSG

Value

2100
750
3220
1250
10
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OTSG inlet structure
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FIGURE 3 | Flow chart of the investigation.
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inlet structure with the hot helium flow homogenizer. Using the
commercial CFD code CFX, the inter-unit flow rate distribution
is numerically simulated by solving the Reynolds Averaged
Navier Stokes (RANS) governing equations together with the
turbulence model (ANSYS, 2019). The superiority of the hot
helium flow homogenizer, the necessity of further structure

optimization, and the effects of geometrical parameter on flow
rate distribution are evaluated. Second, the overall flow rate
uniformity of the HTGR OTSG is further verified, considering
the coupling of the inlet structure and 19 heat exchange units. As
the basis, the first step is beneficial for understanding the flow
distribution mechanism and independent structure design of the
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FIGURE 4 | Local mesh distribution.

hot helium flow homogenizer. The second step emphasizes the
overall performance of inter-unit flow rate uniformity. Figure 3
shows the flow chart of the steps in this investigation.
Neglecting some micro-structures such as the dead zone near
the wall and grooves, the geometrical model of the inlet structure
is reasonably simplified. In order to reduce the mesh element
number, the porous media is used for the helical heat transfer
tube bundles. Using hybrid grid technology, the computational
domain is divided into two parts, including the fluid domain (the
inlet structure with the hot helium flow homogenizer) and the
porous media domains (19 heat exchange units). Among them,
the tetrahedral unstructured mesh is automatically generated for
the fluid domain and the hexahedral structured mesh is adopted
for the porous media domains, respectively. These computational
domains are connected by interfaces. The local mesh is refined
near the square holes on the cylinder wall and circular holes on
the end wall. Local mesh distribution is presented in Figure 4.

2.3 Physical Models

Due to the excellent thermal mixing at the reactor core outlet, the
hot helium temperature is regarded as uniform at the inlet of the
HTGR OTSG. Thus, all the cases in this work are 3D steady-state
adiabatic simulations with helium as the working fluid.
Additionally, the standard k-¢ model and scalable wall
treatment are selected for turbulence modeling. The reliability
and stability of this turbulence model have been fully proved as a
standard engineering model (Tao, 2017).

Mach number (Ma) reflects the influence of gas
compressibility, which is used to classify whether the flow is
compressible (Kong, 2014). The definition of Ma is given as Eq. 1.
v

Ma = (1)

c
where ¢ is the local acoustic velocity.

When Ma is lower than 0.3, the gas compressibility has little
effect on its flow characteristics, which can be considered as
incompressible fluid. From Eq. 1, the corresponding Ma of
primary-side hot helium is 0.039, so it can be treated as an
incompressible viscous fluid with constant properties. Helium
properties are calculated using the NIST real gas package which is
a material database based on the Thermodynamic and Transport
Properties of Refrigerants and Refrigerant Mixtures Database
(REFPROP v9.1) provided by the National Institute of Standards

TABLE 2 | Helium properties.

Parameter Unit Value
Temperature [T] °C 750
Pressure [p] MPa 7
Density [p] kg/m?® 3.2682
Dynamic viscosity [1] Pa-s 4.6983 x 107°
Specific heat capacity at constant pressure [Cp)] J/kgK 5193.1
Thermal conductivity [A] W/m-K 0.36983
Thermal expansivity [y] K 9.6858 x 1074
Local acoustic velocity [c] m/s 1895.6

and Technology (NIST) (Zhao et al, 2017; Gao et al, 2019).
Table 2 lists the helium properties, where 5 significant digits are
reserved.

Taking into account the resistance equivalence, each heat
exchange unit of 8 m height is simplified into a porous media
domain of 1.2 m height, to simulate the hot helium cross flow
over the helical heat transfer tube bundle. Volume porosity,
permeability, and the resistance coefficient are important
physical properties to represent the flow characteristics of
porous media. Volume porosity is the ratio of the pore
volume (fluid volume) to the total geometrical volume. For a
single heat exchange unit, the volume of helical heat transfer
tubes acts as the solid volume, while the difference between the
total geometrical volume and this solid volume is defined as the
fluid volume. Permeability (K) is an inherent property of porous
media, which is determined by Darcy’s permeation law expressed
in Eq. 2 (Satter and Igbal, 2016; Hayat et al., 2021).

K= QL
AAp

2)

where Q, is the volume flow rate, L is the length, A is the flow area,
and Ap is the pressure drop.

For cross flow over the helical tube bundle, the resistance
coefficient (£) is calculated using the empirical correlation
proposed by Idelchik, as shown in Eq. 3 (Idelchik and Fried,
2016).

_ -0.59 -0.5 0.2(2—_‘i)
£= 0.38(? 3—0.94) (%— 1) Re ‘ 3)
=
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where §; is the transverse tube pitch and S, is the stream-wise
tube pitch. In Eq. 3, Re and S;-d/S,-d are in the ranges of (3 x
10°-10°) and (1.0-8.0), respectively.

Eq. 3 is converted into Eq. 4, which is substituted into the
geometrical parameters of the helical tube bundle.

& = 0.5338Re™ 0% (4)

The characteristic velocity and hydraulic diameter of the
Reynolds number (Re) are considered as the maximum
average flow velocity at the minimum cross section in the
helical tube bundle and the outer diameter of the helical tube,
respectively.

2.4 Boundary Conditions and Solution
Strategy

Owing to the symmetrical structure and large size, symmetry
boundary condition is assumed for the overall inlet structure of
the HTGR OTSG. The inlet is specified with a constant mass flow
rate of 48 kg/s and turbulence intensity of 5%. Static pressure in
OPa is prescribed at the outlet. The smooth and non-slip wall
boundary conditions are used for all the walls of the inlet
structure, without considering the influence of wall roughness.
The mesh connections are set as the conservative flux and general
grid interface (GGI).

The convection term and turbulence equation are discretized
using a high-resolution upwind scheme. Auto timescale and
conservative length scale are adopted for the fluid timescale
control. The convergence criteria are formulated as the root
mean square residuals (RMSs) below 1 x 107>

2.5 Sensitivity Analysis

The hot helium flow homogenizer with the optimal inter-unit
flow rate uniformity is selected as an example to analyze the
sensitivity of mesh element number. Six meshes are generated by
adjusting the local mesh parameters. Their mesh qualities are all
higher than 0.3, and the average y* is below 70, meeting the
calculation accuracy requirements and the application range of
the standard k-¢ turbulence model and wall function.

In the current investigation, the maximum deviation and
standard deviation (o) are taken as the uniformity evaluation
standards of inter-unit flow rate distribution. If the inter-unit flow
rate distribution is completely uniform, the corresponding mass
flow rate of each heat exchange unit should be 5.053 kg/s. The
maximum inter-unit flow rate deviation is defined as the relative
difference between the maximum and minimum mass flow rates
among 19 heat exchange units. The standard deviation
characterizes the dispersion degree of inter-unit flow rate
distribution. The larger value of these uniformity evaluation
parameters means a large inter-unit flow rate difference. In
addition, the mass flow rate within 14 rows of square holes
reveals the flow distribution characteristics of the flow
homogenizer. The variation of the above uniformity evaluation
parameters is shown in Figure 5.

On the whole, the meshes have little effect on the
numerical results. From Figure 5A, within the mesh

Flow Homogenizer of HTGR OTSG

element number of 6.54-55.49 million, the variation
amplitude of the maximum inter-unit flow rate deviation
is below 0.5%. In Figure 5B, there are almost similar flow
distribution characteristics in different meshes. Especially
when the mesh element number is more than 20 million,
the mass flow rate within each row of square holes tends to be
consistent, with the relative error being less than 1%. Further
mesh refinement has no obvious improvement on numerical
results. Considering the calculation accuracy and
convergence speed, the working mesh is determined as
23.75 million.

3 RESULTS AND DISCUSSION

3.1 Flow Rate Uniformity of Flow
Homogenizer with Uniformly Arranged
Square Holes

This group of numerical simulations is used to qualitatively
evaluate the effect of the hot helium flow homogenizer on
inter-unit flow rate distribution. Nevertheless, the specific
structure design and geometrical parameters still need to be
further explored. The inlet structure numbered 1 is not
equipped with the hot helium flow homogenizer, while the
previously designed inlet structure with a baffle is numbered 2.
Other inlet structures numbered 3-10 are equipped with hot
helium flow homogenizers, in which square holes are
uniformly arranged on the cylinder wall. As for the hot
helium flow homogenizer with uniformly arranged square
holes (UASHs), the characteristic geometrical parameters
are listed in Table 3.

Table 4 presents the numerical results of inter-unit flow rate
distribution, where the mass flow rate retains 4 significant digits.
The number of the heat exchange unit is shown in Figure 2B.

3.1.1 Effect of Hot Helium Flow Homogenizer on
Inter-Unit Flow Rate Uniformity

Compared with the No.3 and 7 inlet structures, the
standard deviation of that without the flow homogenizer
(No.1) is evidently large. Blocked by the main steam
header, a large amount of hot helium flows down into
the heat exchange unit under it. Hence, the maximum
flow rate occurs within the No.5 heat exchange unit, the
farthest from the primary-side hot helium inlet. Since the
hot helium flowing upward is constrained by the top of the
inlet structure, an annular flow appears downward along
the side wall of the upper chamber. Therefore, the hot
helium flow rate distributed within the heat exchange units
(Nos. 6, 9, and 12) at the edge area is relatively large.
Corresponding to the inter-unit flow rate distribution, the
pressure of heat exchange units at the edge area is lower
than that at the center area. The above conclusions are
similar to the published literature (Zhang et al., 2011). The
flow homogenizer not only avoids the direct impact of
primary-side hot helium on the main steam header but
also helps to improve inter-unit flow rate uniformity. In
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FIGURE 5 | Sensitivity analysis. (A) Variation with mesh element number. (B) Flow distribution characteristics.

TABLE 3 | Characteristic geometrical parameters of hot helium flow homogenizers with UASHS.

Case No. Cylinder-wall square holes End-wall circular hole
Characteristic Row Side length/mm Spacing/mm diameter/mm

1 No flow homogenizer - - - -

2 Baffle - - - --

3 Closed

4 UASHSs in the inline D20

5 arrangement ®50

6 D60

7 21 70 x 50 100 Closed

8 UASH:s in the staggered 20

9 arrangement 50

10 60

TABLE 4 | Numerical results of inter-unit flow rate distriobution of flow homogenizers with UASHSs.

Case Mass flow rate of heat exchange unit/kg-s™ Maximum Standard

No. 1 2 3 4 5 6 7 8 9 10 1 12 devn:l/hon/ deviation

(]

1 4.510 4.856 5.120 5.824 6.302 4.994 4.302 4.496 5.416 5.074 4.939 5.473 39.58 0.5519

2 7.212 4.906 5.470 5.636 5.932 4.422 4.324 5.199 5.809 3.809 5131 4.729 67.52 0.8581

3 4776 4.952 6.172 5.424 5518 5.096 4.515 5.048 5.100 4.861 4.708 5.251 32.79 0.4213

4 4.818 4.946 6.068 5.364 5.440 5.053 4.524 4.976 5.273 4.840 4.734 5.283 30.56 0.3914

5 4.730 4.938 5.800 5.376 5.538 5.063 4.480 4,722 5.563 4.871 4774 5.335 26.12 0.3956

6 4.530 4.900 5.674 5.466 5.684 5.041 4.431 4.608 5.778 4.912 4.782 5.322 26.66 0.4571

7 4.790 4.926 6.160 5.424 5.520 5.099 4.520 5.050 5.101 4.857 4.701 5.263 32.46 0.4195

8 4.832 4.946 6.054 5.364 5.440 5.063 4.538 4.995 5.243 4.843 4.722 5.278 30.00 0.3850

9 4.732 4.954 5.814 5.388 5.552 5.061 4.468 4.709 5.576 4.873 4.779 5.314 26.63 0.4015

10 4.534 4.908 5.670 5.466 5.676 5.046 4.420 4.619 5.780 4.908 4,776 5.324 26.92 0.4563

consideration of the significant flow uniformization effect,
the hot helium flow homogenizer designed in this work can
be a potential solution to improve temperature uniformity
of the HTGR OTSG.

3.1.2 Effect Comparison of Flow Homogenizer and
Baffle on Inter-Unit Flow Rate Uniformity

As the current structure design, a baffle is installed between the
primary-side hot helium inlet and main steam header, which also
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FIGURE 6 | Arrangement of circular holes on the end wall.

plays a pivotal role in improving inter-unit flow rate uniformity.
By comparing with the baffle (No.2), the maximum deviations
and standard deviations of hot helium flow homogenizers
(No.3-10) decrease significantly. It is necessary to further
optimize the current inlet structure.

3.1.3 Effect of End-Wall Circular Holes on Inter-Unit
Flow Rate Uniformity

In this section, the necessity of setting circular holes on the end
wall is qualitatively assessed. A total of 163 circular holes are
hollowed out on the end wall with a grid pitch of 80 mm. As
shown in Figure 6, these circular holes are arranged
symmetrically.

From Table 4, the circular holes on the end wall have a
significant impact on inter-unit flow rate distribution. The
standard deviations of flow homogenizers (Nos. 4, 5, and 6
and 8, 9, and 10) with circular holes on the end wall are less
than those with the closed end wall (Nos. 3 and 7). As a result,
setting circular holes on the end wall is advantageous for
improving inter-unit flow rate uniformity. Taking two flow
homogenizers (Nos. 3 and 5) as examples, the flow fields are
analyzed in detail. The surface streamlines, flow velocity, and
pressure contours on the longitudinal section (stream-wise
direction) are illustrated in Figure 7.

From Figures 7A,B, due to the continuous shunt flow from
each row of square holes, the mainstream flow velocity decreases
gradually in the flow homogenizer. The circular holes on the end
wall are conductive to the smooth outflow of primary-side hot
helium from the flow homogenizer. As shown in Figures 7C,D,
corresponding to the variation of flow velocity, the static
pressure gradually increases along the stream-wise direction.
With the same cross-sectional area of the heat exchange unit, the
streamlines can indirectly characterize inter-unit flow rate
distribution. Figure 7C shows that the closed end wall allows

Flow Homogenizer of HTGR OTSG

hot helium to flow out only from the nearby square holes.
Consequently, a lot of hot helium flows into the No.3 heat
exchange unit below the end wall, while the flow rate of that at
the edge area is relatively small. However, in Figure 7D, part of
hot helium flows into the narrow gap through end-wall circular
holes and then diffuses to the edge area. It increases the flow rate
of heat exchange units blocked by the main steam header such as
Nos. 5 and 9, which can improve inter-unit flow rate uniformity.
Meanwhile, the performance of inter-unit flow rate distribution
still depends on the specific circular hole diameter. When the
circular holes are larger than 50 mm (Nos. 6 and 10), a further
increasing diameter even aggravates inter-unit flow rate non-
uniformity. In general, setting circular holes on the end wall can
improve inter-unit flow rate uniformity, but the diameter
should be less than 50 mm.

3.1.4 Effect of Square Hole Arrangement on Inter-Unit
Flow Rate Uniformity

There are two types of square hole arrangement, that is, inline
arrangement and staggered arrangement. As for the staggered
arrangement, two adjacent rows of square holes on the cylinder
wall are laterally staggered by 3.6°. These two arrangements are
drawn in Figure 8.

For the hot helium flow homogenizers with the same circular
holes but different square hole arrangements (Nos. 3 and 7, 4 and
8,5 and 9, and 6 and 10 in Table 4, respectively), the maximum
deviation and standard deviation are basically consistent with
each other. As there is no change in the hot helium flow area, the
square hole arrangement has little effect on inter-unit flow rate
distribution. Further comparison indicates that the uniformity
evaluation parameters of staggered arrangement are less than that
of inline arrangement. To a certain extent, this staggered
arrangement can conduce to inter-unit flow rate uniformity,
which is applied in the follow-up investigations.

3.1.5 Optimization Strategy Analysis of Inter-Unit Flow
Rate Uniformity

One limitation of the hot helium flow homogenizer with UASHs
is that the improvement of inter-unit flow rate uniformity is still
insufficient. Compared with the No.l inlet structure, the
maximum deviation of the hot helium flow homogenizer with
UASHs decreases by less than 15%. Thus, its structure needs to be
further optimized. Four flow homogenizers (Nos. 4 and 5 and 8
and 9, respectively) are chosen as examples, where their flow
distribution characteristics are shown in Figure 9.

From Figure 9, it is found that the hot helium flow
homogenizers in different square hole arrangements have
almost similar flow distribution characteristics. Along the
stream-wise direction, the positive mass flow rate of the first 8
rows means that hot helium flows into the flow homogenizer
from the upper chamber. Subsequently, it becomes negative from
the 9th row of square holes, which implies that hot helium flows
out of the flow homogenizer. It is important to highlight that hot
helium in some square holes near the primary-side hot helium
inlet (referred to as near the inlet side) cannot outflow, whereas
the helium in the upper chamber flows back into the flow
homogenizer. As shown in the black dotted regions of Figures
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FIGURE 7 | Velocity and pressure fields. (A) Flow velocity contour of No.3. (B) Flow velocity contour of No.5. (C) Pressure contour of No.3. (D) Pressure contour
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7C,D, the streamlines also clearly exhibit this suction
phenomenon. It can result in a remarkable inclination of flow
distribution to the side away from the primary-side hot helium
inlet (referred to as away from the inlet side), which deteriorates
inter-unit flow rate uniformity. As the end-wall circular hole
diameter decreases, the square holes where hot helium changes
from the inflow to the outflow gradually move toward the inlet
side. In brief, the effective improvement of inter-unit flow rate
uniformity relies on whether hot helium can realize the outflow
from all the rows of square holes. For the representative flow
homogenizer (No.5), Figure 10 presents two enlarged velocity
vectors to demonstrate the flow detail of the suction
phenomenon.

These vectors clearly show that the hot helium flow
direction is opposite within the square holes near the
inlet side and away from the inlet side. In Figure 10A, the
velocity vectors are basically parallel to the mainstream flow
direction. In the upper chamber, the hot helium near the
square holes is gently sucked into the flow homogenizer. From
Figure 10B, the velocity vectors are disordered, with the sharp
change in flow velocity. A part of hot helium collides with the
end wall of the flow homogenizer and reverses the flow

direction. Along with the incoming flow, it flows out of the
flow homogenizer through the square holes away from the
inlet side.

As for the hot helium flow homogenizer with UASHs, the
suction phenomenon appears at some square holes near the
inlet side, resulting in the insufficient improvement of inter-
unit flow rate uniformity. An acceptable explanation of the
suction phenomenon is the negative static pressure difference
caused by dynamic pressure. Figures 7C,D show that the
external static pressure of the flow homogenizer is basically
the same, while the internal static pressure gradually increases
along the stream-wise direction. Their combined effect induces
the gradual increase in static pressure difference. It is also the
reason why the mass flow rate within each row of square holes
gradually increases. Near the inlet side, the large dynamic
pressure causes the internal static pressure to be lower than the
external static pressure.

The improvement effect of the hot helium flow
homogenizer on inter-unit flow rate uniformity depends on
its own geometrical parameters. Further structure
optimization should be carried out to suppress the suction
phenomenon near the inlet side. It is a constructive

Frontiers in Energy Research | www.frontiersin.org

July 2022 | Volume 10 | Article 925380


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Qin et al.

Flow Homogenizer of HTGR OTSG

000000000l
aoooooNOu
N00000000
1000000000
juonoooo
000000808
000000 0ooL
00000000 LCCN

I
[
I
l
1
[
I
(0

~

FIGURE 8 | Square hole arrangement. (A) Inline arrangement. (B) Staggered arrangement.
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optimization strategy to adjust the square holes on the cylinder
wall to the non-uniform arrangement.

3.2 Flow Rate Uniformity of Flow
Homogenizer with Non-Uniformly Arranged

Square Holes

To address the limitation of improving inter-unit flow rate
uniformity, the hot helium flow homogenizer with non-
uniformly arranged square holes (NUASHS) is designed in this
section. Specifically, there are more rows of square holes near the
inlet side with large flow area and dense arrangement, while there
are fewer rows of square holes away from the inlet side, with

sparse arrangement and small flow area. In the structure design of
the hot helium flow homogenizer, many geometrical parameters
are coupled with each other, which cannot be completely
decoupled. Therefore, the geometrical parameter effects on
inter-unit flow rate uniformity are investigated in turn
according to their significance.

3.2.1 Effect of End-Wall Circular Hole Diameter on
Inter-Unit Flow Rate Uniformity

To avoid excessive vibration, the minimum diameter of a
circular hole should be above 20 mm. The pitches between
two adjacent rows of square holes near the inlet side and away
from the inlet side are defined as P,,.,, and P4, respectively.
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FIGURE 10 | Local velocity vector of the flow homogenizer with UASHs. (A) Near the inlet side. (B) Away from the inlet side.

TABLE 5 | Characteristic geometrical parameters of flow homogenizers with different end-wall circular hole diameters.

Case No. Square holes near the inlet side

Row Side length/mm Prear/mm

11
12
13
14
15
16
17
18

70 x 50 100

Square holes away from the inlet side End-wall circular

Row

6 50 x 50

hole diameter/mm

Side length/mm Payay/mm

Closed
®20
25
30
35
40
45
50

200

For the No.11-18 flow homogenizers, the numerical results of inter-unit flow rate distribution are shown in Table 6.

For the flow homogenizers with different end-wall circular
hole diameters, the characteristic geometrical parameters are
listed in Table 5.

By comparing Table 4 and Table 6, it implicates that the hot
helium flow homogenizer with NUASHSs has better performance
than that with UASHs in improving inter-unit flow rate
uniformity. It is also confirmed that the structure optimization
strategy clarified in Section 3.1.5 is feasible. However, the
relatively limited variation of standard deviation suggests that
the end-wall circular hole diameter has little effect on inter-unit
flow rate uniformity. In summary, the large-scale adjustment of
inter-unit flow rate distribution should still be achieved by

changing the geometrical parameters of square holes on the
cylinder wall, while the circular hole diameter is more suitable
for the fine-tuning of flow distribution. Furthermore, the effect of
end-wall circular hole diameter on inter-unit flow rate uniformity
reports a strong coupling with other geometrical parameters.
When the diameter is larger than 40 mm (Nos. 17 and 18), its flow
uniformization effect is even inferior to the No.l1 flow
homogenizer with the closed end wall. With the decrease in
end-wall circular hole diameter, the inter-unit flow rate
uniformity improves gradually. As for the No.12 flow
homogenizer, the optimal diameter is determined as 20 mm,
which has the smallest standard deviation. The flow
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TABLE 6 | Numerical results of inter-unit flow rate distribution for flow homogenizers with different end-wall circular hole diameters.

1

Case Mass flow rate of heat exchange unit/kg-s™ Maximum Standard
No. 1 2 3 4 5 6 7 8 9 10 11 12 devioa/tion/ deviation
0
11 5.148 4.888 5.242 5.158 5.218 4.913 5.115 5.129 4.876 4.830 5.134 5.175 8.15 0.1411
12 5044 4878 5198 5008 5240  4.898 5048 5121 4990 4890 5135  5.189 7.16 0.1199
13 5.048 4.848 5.190 5.098 5.258 4.887 5.021 5.114 5.042 4.882 5.139 5.195 8.11 0.1270
14 5.018 4.844 5.200 5.092 5.266 4.871 4.986 5111 5.099 4.919 5.123 5.180 8.35 0.1275
15 5020  4.824 5204 5102 5234  4.864 4961 5097 5141 4947 5115 5184 8.1 0.1282
16 4.988 4.816 5.146 5.106 5.236 4.861 4.930 5.080 5.208 4.941 5.095 5.239 8.37 0.1387
17 4.958 4.810 5.126 5114 5.252 4.861 4.900 5.053 5.280 4.944 5.109 5.223 9.30 0.1507
18 4.916 4.848 5.076 5.134 5.282 4.886 4.855 5.027 5.331 4.937 5.117 5.218 9.56 0.1608
2 _ different row numbers have been designed. Table 7 shows
" End-wall circuliar holes of @20min . C e .
Enilowall ciFonigr hles of ®30min their characteristic geometrical parameters.
1} | Lni-wa el -
| End-wall cifcular hdles ¢f ®40min From Table 8, the standard deviation of the No.21 flow
0 wlll cifqulr hgles of ©50m homogenizer is below 0.1, with 6 and 8 rows of square holes
B near the inlet side and away from the inlet side, respectively. It is
w -1 : = o the optimal row number determined in this section. For the cases
g 2 = =k where the square holes near the inlet side are less than 6 rows, the
3 o - = . Sy .
s , 5 O % flow area away from the inlet side is larger than the other side,
2 & O 5 which means that the square hole arrangement tends to be
!:: -4 B E % uniform again. As the response to this flow area variation on
4 E3) 0% 5 both sides, the inter-unit flow rate uniformity deteriorates
=3 B B i slightly. From above discussions, one may conclude that the
<6 Eg g g flow area ratio of square holes on both sides should be within
; == = E an appropriate range, to improve inter-unit flow rate uniformity.
i = =k = Taking the flow homogenizers (Nos. 19, 12, 20, and 23) as
-8 e = examples, their flow distribution characteristics are shown in
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 Figure 12.
Square-hole row number Seen from Figure 12, with the decrease in row number near
the inlet side, the square holes that realize the hot helium outflow
FIGURE 11 | Flow distribution characteristics of flow homogenizers with from the flow homogenizer gradually moves forward. It implies
different end-wall circular hole diameters. that the suction phenomenon near the primary-side hot helium

distribution characteristics of the above flow homogenizers with
different end-wall circular hole diameters are illustrated in
Figure 11.

As shown in Figure 11, these flow homogenizers with
NUASHSs realize the hot helium outflow from the 4th row of
square holes. Compared with the flow homogenizers with
UASHEs, the square holes where hot helium changes from the
inflow to the outflow have been obviously advanced.
However, the suction phenomenon is still not effectively
suppressed within the first 4 rows of square holes near the
inlet side.

3.2.2 Effect of Square Hole Row Number on Inter-Unit
Flow Rate Uniformity

Square holes on the cylinder wall constitute the main flow
channels for hot helium outflow from the flow homogenizer,
whose geometrical parameters decisively influence inter-unit flow
rate uniformity. Square hole row number is the most important
parameter in determining the hot helium flow area on the
cylinder wall. Several hot helium flow homogenizers with

inlet tends to be sufficiently suppressed. Furthermore, the flow
rate difference at the junction of square holes on both sides
decreases gradually, and the curve of flow distribution
characteristics also tends to be smooth. As shown in
Figure 12C, hot helium can flow out of the No.20 flow
homogenizer from all the rows of square holes. Not only is
the suction phenomenon effectively suppressed but also the
inter-unit flow rate distribution is more uniform. From
Figure 12D, the No.23 flow homogenizer has the least row
number (2 rows) of square holes near the inlet side, where the
suction phenomenon is more significantly suppressed. There is
more hot helium outflow from the first 2 rows of square holes
than that of Figure 12C. In fact, the flow area ratio of square
holes on both sides is reduced to the minimum value in this
case. For the No.23 flow homogenizer, the square holes away
from the inlet side are dominant, with the gradual transition of
flow distribution characteristics to that with UASHs. The
above analysis reveals that the suction phenomenon can be
effectively suppressed within the appropriate range of the flow
area ratio. This appropriate range can be approached by
changing other geometrical parameters of square holes on
the cylinder wall.
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TABLE 7 | Characteristic geometrical parameters of flow homogenizers with different square hole row numbers.

Case No. Square holes near the inlet side Square holes away from the inlet side End-wall circular
Row Side length/mm Pnear/mm Row Side length/mm Paway/mm hole diameter/mm

19 12 5

12 10 6

20 8 7

21 6 70 x 50 100 ) 50 x 50 200 020

22 4 9

23 2 10

For the No.19-23 flow homogenizers, the numerical results of inter-unit flow rate distribution are shown in Table 8.

TABLE 8 | Numerical results of inter-unit flow rate distribution for flow homogenizers with different square hole row numbers.

Case Mass flow rate of heat exchange unit/kg-s™ Maximum Standard

No. 1 2 3 4 5 6 7 8 9 10 1 12 devnf/tlon/ deviation

0

19 5.364 4.884 5.192 5.152 5.262 4.941 4.890 5.131 4.992 4.782 5.161 5.176 11.52 0.1684

12 5.044 4.878 5.198 5.098 5.240 4.898 5.048 5.121 4.990 4.890 5.135 5.189 7.16 0.1199

20 4.984 4.908 5.180 5.064 5.230 4.872 5.098 5.119 4.975 4.977 5.100 5.176 7.09 0.1086

21 4.966 4.936 5.178 5.064 5.216 4.904 5.032 5.129 4.988 5.002 5.102 5.163 6.18 0.0971

22 4.964 4.824 5.186 5.040 5.222 4.959 4.986 5.135 4.992 5.050 5.090 5.170 7.88 0.1101

23 4.980 4.820 5.202 5.034 5.230 4.998 4.952 5.136 4.992 5.024 5.090 5.175 8.11 0.1134

3.2.3 Effect of Square Hole Number in a Single Row on
Inter-Unit Flow Rate Uniformity

Square hole number in a single row is another important
parameter to determine the hot helium flow area on the
cylinder wall. With the above optimal end-wall circular
hole diameter and square hole row number, five flow
homogenizers with different square hole numbers are
shown in Table 9.

Table 10 shows that decreasing the square hole number is
disadvantageous to inter-unit flow rate uniformity. By
further comparison of flow homogenizers (Nos. 21, 24,
and 25 and 21, 26, and 27, respectively), the inter-unit
flow rate uniformity is more sensitive to the square hole
number away from the inlet side. The single row of 50 square
holes on both sides is a better choice for the structure design
of the flow homogenizer. Their flow distribution
characteristics are shown in Figure 13.

With the decrease in square hole number near the inlet side,
the flow distribution characteristics of corresponding flow
homogenizers (Nos. 21, 26, and 27) are roughly similar to
each other, as shown by the red, green, and orange curves in
Figure 13. However, the red, blue, and pink curves show the
remarkable change in flow distribution characteristics, as the
square hole number away from the inlet side decreases. These
comparisons also reflect that the inter-unit flow rate distribution
is more sensitive to the flow area away from the inlet side. This
flow area sensitivity is attributed to the asymmetrical structure of
the hot helium flow homogenizer. To increase the flow rate of
heat exchange units blocked by the main steam header, the flow
distribution characteristics of the flow homogenizer should still
be slightly inclined to the side away from the primary-side hot
helium inlet.

3.2.4 Effect of Square Hole Size on Inter-Unit Flow
Rate Uniformity

The square hole size can also influence the hot helium flow area
on the cylinder wall. As shown in Table 11, seven flow
homogenizers with different square hole sizes are investigated
in this section, while other geometrical parameters remain exactly
the same.

Through comprehensive analysis for Tables 8, 10, 12, the
square hole size can only slightly influence inter-unit flow rate
distribution, compared with other geometrical parameters. The
flow homogenizers (Nos. 21, 28, 30, 32, and 33) all have the
excellent inter-unit flow rate uniformity, with the standard
deviations below 0.1. Part of the reason is that the effect of
square hole size on the hot helium flow area is much smaller than
row number and square hole number. In addition, the flow area
ratios corresponding to the flow homogenizers with different
square hole sizes are covered within the above-mentioned
appropriate range. From the view of the minimum standard
deviation, the optimal size is considered as the square holes
near the inlet side of 60 mm x 40 mm and that away from the
inlet side of 40 mm x 40 mm, respectively. The flow distribution
characteristics of the above flow homogenizers are shown in
Figure 14.

Similar to the previous discussions in Section 3.2.3, the flow
distribution characteristics of the flow homogenizer are more
sensitive to the hot helium flow area away from the inlet side, as
inferred in Figure 14.

3.2.5 Analysis of the Optimal Geometrical Parameters
The optimal geometrical parameters of the hot helium flow
homogenizer are summarized. A total of 163 circular holes are
symmetrically arranged on the end wall with a grid pitch of

Frontiers in Energy Research | www.frontiersin.org

13 July 2022 | Volume 10 | Article 925380


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Qin et al. Flow Homogenizer of HTGR OTSG

A B
1 1
mmXx3y0mmXx mmXd0mm X r mmXxXdymmx mmXd0mm X
a o 70 50! 12/50 50 5 o 70 50! 10/50 50 6
= P lo. ©
[ ] Mg L L L T e 0 HL_GR " o T S IS S TR H S S (R A . S S
i o [
-1 o a1k iio
1) ‘n
o2 = ) =
S S s S =l =] S EEoEaEEE :
8 -3 [t il Rttt TN B Tl | - -3 (el iRl [ S
s DDDDEDDDDDDED O O O - S EDE:’EJ:’DD O ] O W] O
B [ =0 =0 O O O 3 J il =" | ]
4 CoEo2o8o O O 4w 000 O 0 O
(=] OO0 =050 ] O O (=] =0 0 O
L= OO0 =0/0 O [} =i [ el B = = oo O O a
12 L EDDDDDD O 0 O 0o O 18 ] E:’EID\:I 0 O 0 O 0
§s[0505800505080 £ 0 g of §s[E0ndn0n o B gl B o
= So=Sogo=Es8 0.8 5 B 2 |E=EabcEo B 00e 5o
et oEatgEnY ool o O = e = o = i 2 i0
OO0 —0—=0—0Cn | bSO O =00 m| oCd
oO—OEO—00~0 m| 0 OS50 =0 ] m] m]
= e e e . e L 0 oo o e R s e O 0o
s e e e e e e N = oEoEoEo ] | 3
7 IEB0EoEg=EeE8=2EsE & E 5 B 7 IEeEsEsEs o B igl B
EaEao=EaEaEaEs £ = 2 & ElEE=EE === 2 2 2. B =
) = =] B =EEEIEEEERR- - =
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Square-hole row number Square-hole row number
C D
1 1
F A 70mm*50mm*8/50mmx50mmx7 H % 70mmx50mm *2/50mm*50mmx10
o.A._A,_A. ________________________ 0 | mims = e o s e St S e e e
bk A a1k
‘n i I
2 27
N D858 5E508 5 O = - ]
£ -3 [N NSl 5 -3 R S N S S
e g | E=0 O O g O
\:l‘:' DDDD\:’D ] O U O ] O \:ID O ) O 0O (= O =] 0O =)
2 4= 00 O O O E 4l== O 0 0 O O
Q O=0 O O O O (=} L O % O O O
= DD DDDDDDA O 0O O O O O (=} E’D O O O 0 O O O O O
2 [F=®Oo2c0g 99,0 g 0 gf g[H=® 2§ S+g 8o g £ g o
S-S0 =0=0 0 A0 ] S-Sh=0 O O % 0O ] O
= |[B=poEoEot O B o Bl & |H= o B o 85,8 5 B o
=t | 7 A B ig = o @ p B g0 g Oig
MO =00=0 | A O 6O =0 g O O o
R e B p T a e o2 R . S B =
o8 aEeEs B s B o P =22g @9 o @ g B g & O
TmEmEseEEEsEs B8 5 B 5 2008 JeEEe 8 2 8§ =2 8§ =2 8 o B
sEsE8=2=2s 8 8 B =8 B =8 == 8 = B = B =2 B =2 B8
-8 = A B — - S = S T — N - - -8 == = |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12
Square-hole row number Square-hole row number

FIGURE 12 | Flow distribution characteristics of flow homogenizers with different square hole row numbers. (A) Flow homogenizer No.19. (B) Flow homogenizer
No.12. (C) Flow homogenizer No.20. (D) Flow homogenizer No.23.

TABLE 9 | Characteristic geometrical parameters of flow homogenizers with different square hole numbers in a single row.

Case No. Square holes near the inlet side Square holes away from the inlet side End-wall circular hole
diameter/mm

Row Side length/mm Ppear/mm Hole number Row Side length/mm Payay/mm Hole number

21 50 50
24 50 30
25 6 70 x 50 100 50 8 50 x 50 200 25 D20
26 30 50
27 25 50

For the No.24-27 flow homogenizers, the numerical results of inter-unit flow rate distribution are shown in Table 10.
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TABLE 10 | Numerical results of inter-unit flow rate distribution for flow homogenizers with different square hole numbers in a single row.

1

Case Mass flow rate of heat exchange unit/kg-s™ Maximum Standard
No. 1 2 3 4 5 6 7 8 9 10 11 12 devuoa/tlon/ deviation
0
21 4.966 4.936 5.178 5.064 5.216 4.904 5.032 5.129 4.988 5.002 5.102 5.163 6.18 0.0971
24 4932 5248 4954 4998 5166 5101 4917 5049 4906 5154 5081  5.162 6.73 0.1053
25 4.884 5224 4984 5030 5146 5037 4970 5046 4887 5144 5106 5177 6.77 0.1091
26 4972 4884 5184 5056 5222 4967 5009 5130 4982 4994 5093  5.167 6.69 0.0997
27 4.970 4.904 5.192 5.048 5.228 4.977 4.998 5.129 4.978 4.992 5.087 5.168 6.41 0.0989
0.0850, with the maximum inter-unit flow rate deviation being
0 BA—p —DO— Single row of 50 square holes on both sides below 5.50%. Figure 15 presents the flow characteristics of the
[ —O-Single row of 50 and 30 square holes on both sides| . . . .
-1 '0\0 [m] —A—Siu;_{lu row of 50 and 25 square holes on both sides| No.30 ﬂOW homogemzer Wlth the Optlmal geometrlcal
L O, 0. parameters.
29 _A§0 x@%—single row of 25 and 50 square holes on both sides| From Figure 15A, the suction phenomenon is effectively
= \ r A\ \ 0 suppressed, and the streamlines in Figure 15C also clearly
27 \0 u} A‘A"g\A—A\ A—B\ show that hot helium realizes the outflow from all the rows of
B4l N T0—0—0—0g__ 6 square holes. Meanwhile, the streamlines are uniformly
< . . . . . .
; ~B_ distributed within each heat exchange unit, demonstrating
e-5r 0 B \5\ the uniform inter-unit flow rate distribution. In terms of
2 A\ \8§5 this flow homogenizer, the distributions of flow velocity and
§ 1l \O §"‘§ pressure provide a key link to the sufficient improvement of
gk A\ 8z inter-unit flow rate uniformity. Thanks to the increased
\ resistance through a specific structure design, the reduction
8 A of flow velocity within the flow homogenizer increases the
) N A S A O N A A N internal static pressure. It ensures that the internal static

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Square-hole row number

FIGURE 13 | Flow distribution characteristics of flow homogenizers with
different square hole numbers in a single row.

80 mm and diameter of 20 mm. On the cylinder wall, the square
holes should be arranged non-uniformly, including 6 rows near
the inlet side with a pitch of 100 mm and side length of 60 mm x
40 mm and 8 rows away from the inlet side with a pitch of
200 mm and side length of 40 mm x 40 mm, respectively.
Moreover, the optimal square hole number should be 50 in
each row. As for this hot helium flow homogenizer, the
standard deviation of inter-unit flow rate distribution is only

pressure is always greater than the external static pressure,
thereby reducing the effect of static pressure difference caused
by dynamic pressure.

The inter-unit flow rate distribution is strongly associated with
the geometrical parameters of the hot helium flow homogenizer,
which directly determine its resistance coefficient. Therefore, the
inter-unit flow rate uniformity can be viewed as the function of
the resistance coefficient. The suction phenomenon is widely
presented in the Nos. 3-19 hot helium flow homogenizers, while
it can be effectively suppressed within other flow homogenizers
(Nos. 20-33). In fact, the effective suppression of the suction
phenomenon has a direct correlation with the resistance
coefficient of the flow homogenizer.

According to the different mechanisms, the energy loss of
viscous fluid can be divided into the friction and local resistance

TABLE 11 | Characteristic geometrical parameters of flow homogenizers with different square hole sizes.

Case No. Square holes near the inlet side
Row Side length/mm Phnear/mm

21 70 x 50

28 70 x 50

29 70 x 50

30 6 60 x 40 100

31 60 x 40

32 50 x 30

33 50 x 30

Square holes away from the inlet side End-wall circular

Row Side length/mm

Prway/mm hole diameter/mm
50 x 50
40 x 40
30 x 30

8 40 x 40 200 20

30 x 30
40 x 40
30 x 30

For the No.28-33 flow homogenizers, the numerical results of inter-unit flow rate distribution are shown in Table 12.
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TABLE 12 | Numerical results of inter-unit flow rate distribution for flow homogenizers with different square hole sizes.

1

Case Mass flow rate of heat exchange unit/kg-s™ Maximum Standard
No. 1 2 3 4 5 6 7 8 9 10 11 12 devioa/tion/ deviation
0
21 4.966 4.936 5.178 5.064 5.216 4.904 5.032 5.129 4.988 5.002 5.102 5.163 6.18 0.0971
28 4.900 5.206 4.994 5.026 5.142 4.995 4.996 5.058 4.911 5.121 5.133 5.151 6.06 0.0942
29 4.828 5238 4928 5024 5230 5226 4893 5018 5022 5175 5017 5022 8.1 0.1315
30 4.910 5.086 5.010 5.004 5.150 5.019 5.007 5.066 4.912 5.075 5.188 5.162 5.50 0.0850
31 4.848 5112 4.946 5.036 5.188 5.219 4.907 5.040 4.978 5127 5.046 5.119 7.34 0.1079
32 4.932 4.978 5.056 4.974 5.180 5.001 5.028 5.095 4.922 5.063 5.179 5.150 5.11 0.0865
33 4870 5026 4974 4948 5154 5153 4951 5063 4947 5120 5103 5177 6.08 0.0974
0 where F.,, and F,,,,, are the hot helium flow area of square holes
H—g —O— 70mmx50mmx6/50mmx50mmx8 near the inlet side and away from the inlet side, respectively.
s \|:| —0— 70mmx*50mmx6/40mmx40mmx8 Similarly, f,cqr and fawa, are the flow area of a single square hole
O\ —A— 60mmx40mm>6/40mmx40mmx8 on both sides.
2L o u The inter-unit flow rate uniformity is principally evaluated
" K \ —O— 50mm>x30mmx6/30mm>x30mmx8 based on the standard deviation, taking into account the
Ry A\ o \ maximum deviation. Considering the overall thermal hydraulic
2 A\ o performance of the HTGR OTSG, the uniformity
§-4 - Y = ;g:o“o_o—o\o design requirement is established as the standard deviation
£ e A% <t :8:8:8:8 below 0.1. The design parameters of the hot helium flow
251 0\0 A\E‘ \I:l\ homogenizer which meets this uniformity design requirement
s 0 - O are listed in Table 13.
6! < n\n\ From Table 13, the critical resistance coefficient is 7.63 for
D\D effective suppression of the suction phenomenon. As the
r ° optimized design of the new inlet structure, the hot helium
el i i i flow homogenizer with NUASHs should be adopted to
1 2 3 4 5 6 7 8 9 10 11 12 13 14 improve inter-unit flow rate uniformity of the HTGR OTSG.
Square-hole row number Meanwhile, it is recommended that the resistance coefficient and
flow area ratio need to be controlled within the ranges of
FIGURE 14 | Flow distribution characteristics of flow homogenizers with (7.81-22.42) and (0.53-1.64), respectively.
different square hole sizes.

loss, where the pressure drop and resistance coefficient satisfy the
following Darcy-Visbach formula (Darcy, 1857). The hot helium
flow homogenizer is simplified as a throttle based on the idea of
equivalent substitution, so its resistance coefficient can be
calculated by local energy loss (Qin et al., 2019; Qin et al., 2020).
The Darcy-Visbach formula of local energy loss is as follows:
Ap=¢ g €

The resistance coefficient represents the overall flow
characteristics of the flow homogenizer, but it cannot reflect
the non-uniform arrangement of square holes on the cylinder
wall. As a vital design parameter of the hot helium flow
homogenizer with NUASHs, the flow area ratio of square
holes on both sides (k) is introduced to depict the geometrical

parameter effects on inter-unit flow rate uniformity, as calculated
by Eq. 6.

Fnear _ zfnear

3.3 Overall Flow Rate Uniformity of HTGR
OTSG

The resistance of the heat exchange unit is much greater than that
of the inlet structure. It is necessary to verify the overall flow rate
distribution of the full-scale HTGR OTSG. In these simulations,
19 heat exchange units are coupled with the inlet structure. The
geometrical models of overall numerical simulation are shown in
Figure 16.

Engineering verification experiment of the HTR-PM shows
that the measured pressure drop of the heat exchange unit is 45
kPa, at a rated mass flow rate of 5.053 kg/s (Li et al., 2021). As for
overall numerical simulation, the average pressure drop of 19 heat
exchange units is 45.35 kPa, with a relative error of 0.77%. It is
evident that the numerical results are in good agreement with
previous experiment data. The reliability of numerical methods
adopted in the current investigation is also validated. Table 14
shows the numerical results of overall flow rate distribution.

As shown in Table 14, the flow uniformization effect of the hot
helium flow homogenizer is much more excellent than that of the
current inlet structure with a baffle, with the maximum deviation

k= P (6)  decreased from 2.97% to 0.30%. It proves the feasibility of this new inlet
auay X auay structure of the hot helium flow homogenizer designed in this work.
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FIGURE 15 | Flow characteristics of the optimal hot helium flow homogenizer (No.30). (A) Flow distribution. (B) Flow velocity contour. (C) Pressure contour.

TABLE 13 | Design parameters of the hot helium flow homogenizer.

Case No. Standard deviation Maximum deviation/% Resistance coefficient Flow area ratio
of square holes
on both sides

20 0.1086 7.09 7.63 1.60
21 0.0971 6.18 7.81 1.05
26 0.0997 6.69 7.97 0.63
27 0.0989 6.41 8.14 0.53
28 0.0942 6.06 9.50 1.64
30 0.0850 5.50 10.92 1.13
32 0.0865 5.1 13.61 0.70
33 0.0974 6.08 22.42 1.25
4 CONCLUSION structure design with the hot helium flow homogenizer is

proposed to improve inter-unit flow rate uniformity. Its flow
Due to the high working temperature of the HTGR OTSG, large  distribution characteristics and mechanism are numerically
temperature non-uniformity should be avoided during  investigated. Finally, the overall flow rate distribution of the
operation. The primary-side helium flow rate distribution = HTGR OTSG is further evaluated by coupling the inlet structure
among the heat exchange units induced by the inlet structure ~ and 19 heat exchange units. The main conclusions are as
is important for inter-unit temperature uniformity. A new inlet  follows:
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! Heat exchange units
i (porous media domains)

FIGURE 16 | Geometrical model of the HTGR OTSG. (A) Current inlet structure with a baffle. (B) New inlet structure with the flow homogenizer.

ENew inlet structure|
iwith hot helium

| Heat exchange units

flow homogenizer |

(porous media domains)

TABLE 14 | Numerical results of overall flow rate distribution for the HTGR OTSG.

Case Mass flow rate of heat exchange unit/kg-s™ Maximum Standard

No. 1 2 3 a 5 6 7 8 9 10 1 12 devn;hon/ deviation
(]

2 7.212 4.906 5.470 5.636 5.932 4.422 4.324 5.199 5.809 3.809 5.131 4.729 67.52 0.8581

Couple 5.150 5.050 5.072 5.080 5.098 5.027 5.026 5.057 5.075 5.000 5.056 5.033 2.97 0.0377

30 4.910 5.086 5.010 5.004 5.150 5.019 5.007 5.066 4.912 5.075 5.188 5.152 5.50 0.0850

Couple 5.048 5.052 5.050 5.054 5.060 5.051 5.047 5.053 5.047 5.052 5.062 5.056 0.30 0.0046

(1) Setting circular holes on the end wall can increase the flow
rate of heat exchange units blocked by the main steam
header, which can improve inter-unit flow rate uniformity.
Flow distribution characteristics are strongly related with the
geometrical parameters of square holes on the cylinder wall.
The non-uniform arrangement is a more superior design for
improving inter-unit flow rate uniformity, which can reduce
the effect of static pressure difference caused by dynamic
pressure.

Increasing the resistance of the hot helium flow
homogenizer can make the internal pressure greater than
the external pressure, and the suction phenomenon near the
inlet side can be effectively suppressed. The critical
resistance coefficient is 7.63. Moreover, the resistance
coefficient and flow area ratio are recommended to be
within the ranges of (7.81-22.42) and (0.53-1.64),
respectively.

Compared with the previous baffle design, the hot helium
flow homogenizer with NUASHs can reduce the maximum
deviation from 2.97% to 0.30%, which is a promising
design to further optimize the inlet structure of the
HTGR OTSG.
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NOMENCLATURE

A cross-sectional area (m?)

€ local acoustic velocity (m/s)

Cp specific heat capacity at constant pressure (J/(kgK))
d helical tube outer diameter (m)

f hot helium flow area of a single hole (m?)

F hot helium flow area (m?)

k flow area ratio of square holes on both sides, dimensionless
K permeability (m?)

L length (m)

Ma Mach number, dimensionless

P pressure (Pa)

Ap pressure drop (Pa)

P pitch (m)

Q, volume flow rate (m?/s)

Re Reynolds number, dimensionless

S, transverse tube pitch (m)
S, stream-wise tube pitch (m)
T temperature (°C)

v flow velocity (m/s)

y+ dimensionless wall distance

Greek Symbols

Y thermal expansivity (/K)

1 dynamic viscosity (Pa-s)

A thermal conductivity (W/(m-K))

& resistance coefficient, dimensionless
p density (kg/m”?)

0 standard deviation, variable unit

Subscript
away away from the inlet side

near near the inlet side

Flow Homogenizer of HTGR OTSG
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