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ABSTRACT

The helium compressor has the inherent characteristics of a lower single-stage
pressure ratio and a higher number of stages than an air compressor. The highly
loaded design method effectively addressed the compressibility issue of the
helium compressor. However, the compressor designed with this technique has
narrow passages, short blades, and a large bending angle, making the end-wall
secondary flow more intense than a conventional compressor. In this paper,
numerical simulation and experimental validation has been conducted to identify
the effectiveness of the axial slot close to the blade root in improving end-wall
secondary flow in a high-load helium compressor cascade, and to provide data
and experimental support for the engineering application of high-load helium
compressors. The analytical results show that slotting can utilize the self-
pressure difference to generate gap leakage vortices, and the axial momentum
generated by the leakage vortices blows away the vortices formed due to the
separation of corner area. The airflow flows close to the suction surface of the
blade and breaks away at the trailing edge of the blade, merges with the main
flow and forms a new vortex. As the height of the channel increases, the blowing
away of the vortices in the corner region becomes more pronounced and the
cascade improvement performance is better. The test results show that the total
pressure loss coefficient at the design operating point is reduced by 6.167%
when a slot height of 8.53 mm is positioned at 65% Ca (axial chord length). The
improvement effect becomes 16.469% better at a 4° attack angle.
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(El-Genk & Tournier, 2008). Therefore, modern helium

Nuclear energy has the inherent benefit of reducing
carbon emissions and its good stability and high efficiency
throughout its life cycle (Ye et al., 2022). The future
development trend of nuclear energy is toward the fourth
generation of nuclear energy systems. HTGR is one of the
typical types of fourth-generation nuclear energy systems
because of their better safety, higher power generation
efficiency, and broad application range (Kadak, 2016).
Helium is one of the best coolants in HTGR that removes
heat from the reactor core. It is considered an ideal inert
gas because of its stable chemical properties, negligible
effect on neutrons in the reactor at high temperatures, and
good thermodynamic performance. Helium, as the
working medium, is compressed in a helium compressor,
whose performance directly affects the power output of
the system(Tian, 2019). However, helium has a high
specific heat ratio, which makes it difficult to compress

compressors have lower single-stage pressure ratios and a
higher number of stages, which leads to issues in
increasing the power density and consequently affects the
commercialisation of HTGR. For example, the
Oberhausen 11 50 MW helium turbine has 25 high- and
low-pressure compressor stages with a pressure ratio of
just 2.7 (Weisbrodt, 1996).

Scholars at home and abroad have conducted several
studies to address the aerodynamic performance issues
with helium compressors. (Malik & Zheng, 2020) mixed
helium with xenon and discussed the influence of mixed
coolant on compressor performance in power conversion
units of HTGR. Mixing helium and xenon raised the
pressure ratio while maintaining good heat transfer
because xenon could be easily compressed. The 15g/mol
helium-xenon mixture produces a high heat transfer
coefficient of 7% and a higher outlet pressure. (Chen et al.,
2019) developed a similar method that can be used to
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NOMENCLATURE

B geometric intake angle ¢ relative blockage coefficient

o7 geometric outlet angle T static pressure ratio

c chord length t pitch length

H cascade height Ca relative chord length position

K turbulent Kinetic energy ) turbulent dissipation rate

2/Z relative axial chord length h/H relative blade height

P static pressure at measuring point P* total local pressure

Pin static pressure at the inlet P%in total pressure at the inlet

Qnm slotted outlet flow rate P out total pressure at the outlet

Vz(X,y) flow velocity Prs mainstream density

Vis mainstream velocity i attack angle

Cpt total pressure loss coefficient Cp static pressure coefficient

Cpro total pressure loss coefficient of prototype Cpr total pressure loss coefficient of slotted

cascade s cascade

ACpw improvement coefficient HTGR High Temperature Gas-Cooled Reactor

obtain the performance characteristics of helium possibility of controlling the divided flow by slotting the

compressor through experiments on air compressor.
Hence, saving the experimental cost of the helium
compressor. Ke and Zheng (2010, 2011) verified the use
of the highly loaded design method through numerical
calculation and successfully increased the single-stage
pressure ratio of the helium compressor from 1.03 to 1.08
(Ke & Zheng, 2012). Similarly, (Tian, 2019) took the 16-
stage low-pressure helium compressor used in the 300MW
HTGR developed by the Japan Atomic Energy Research
Institute as the prototype and optimized its design scheme
by reselecting the parameters. Accordingly, the
compressor stages were reduced to 4 with similar
aerodynamic performance. The compressor with a highly
loaded design technique has short blades, more
considerable blade curvature, and a higher reverse
pressure gradient. Consequently, the boundary layer part
increases with the intensive secondary flow at the end wall
(Tian et al., 2019).

Blade slotting is a traditional passive control method
that reduces or blows away the separation of three-
dimensional corner area. This method is suitable for the
helium compressor of a closed Brayton cycle because it
does not require external energy. (Brent, 1972) first
proposed the slotted-blade design technique in 1972. They
used the NACA-65 series as the test blade and designed a
three-tooth slot structure on the rotors and stators. Blade
slotting increased the diffusion factor of the rotor tip from
0.53 to 0.7 and that of the stator hub from 0.6 to 0.76.
Ramzi et al., 2011) discussed the potential of the passive
control of slotted blades under stall conditions.
Accordingly, numerous numerical studies have
demonstrated that the loss can be decreased by 28%, and
the flow turning angle can be increased by up to 5° in two-
dimensional cases. In the three-dimensional flow field, the
advantage of the groove is more prominent, which can
delay the boundary layer separation after 50% of the chord
length. Yoon et al. (2019) used a high-speed compressor
(HSRC) as the research object and conducted a numerical
analysis using a flow control method. It was observed that
a slot close to the end wall with a span of less than 10%
could improve the stall margin by 6%. Through the slot,
the separation near the hub weakened and eliminated the
source of corner separation. Liu (2016) investigated the

blade root. The results showed that root slotting could
reduce the corner separation of the cascade and improve
the flow conditions on the suction surface. Zhao et al.
(2021) used different clearance schemes to study the
influence of slotting on compressor stability. It was
concluded that partial clearance of the stator blades could
broaden the compressor stall margin under low operating
conditions. The leakage flow generated by the clearance
significantly eliminates the stall vortex in the corner,
consequently improving the compressor stall margin.

This study analyzed the influence of blade slots on a
highly loaded helium compressor. The research object was
a high-load blade profile designed based on the
thermophysical properties. The control effect of the shape
and height of the slot close to the blade root on the corner
separation of the stator blade was investigated using a
numerical simulation with helium as the working fluid.
Finally, the optimal slotting arrangement was determined
and experimentally verified to improve the performance of
the helium compressor cascade. This study provides a
reference for the slotting effect on the blade root of a
helium compressor.

2. NUMERICAL AND EXPERIMENTAL METHOD

2.1 Numerical Method
2.1.1 Physical Model

The reference cascade analysed in this study is the
fourth-stage stator of a high-loaded helium compressor at
50% blade height. The cascade exhibits a large bending
angle, high loading, and low aspect ratio. The cascade
parameters are shown in Fig.1.

2.1.2 Grid and Calculation Method

The computational blade channel grid used in this
study was generated using Numeca-AutoGrid5. It adopts
the HOH topology. The slotted portion was generated
using the Numeca-IGG module, and the shape of the
channel was determined by changing the positions of the
nodes in the channel. To ensure calculation accuracy, the
number of grid nodes at the lead and trail edges of the
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Fig. 1 Definition of aerodynamic and geometric
parameters of cascade

Fig. 2 Diagram of cascade and slotted grid

blade, upper and lower end walls, blade surface, and slot
boundary were increased. The grid structure is illustrated
in Fig.2.

The numerical research was conducted using the CFX
module of the commercial software ANSYS. The axial
chord length from the leading edge of the cascade to the
inlet of the computational domain was 1.5 times, and that
to the outlet was 2 times. Helium gas was used as the
working medium. The total temperature at the inlet was
300K, and the turbulence intensity of the fluid was 5%.
The inlet Mach number was kept at 0.3 by adjusting the
total pressure, and an average distributed static pressure
was set at the outlet. Translational periodicity interfaces
are set on both sides of the flow passage.

The grid independence of the prototype cascade grid
and the grid of the slotted structure were validated to
reduce calculation costs and ensure accuracy. The outlet
section was selected for data processing. As the total
pressure loss coefficient accurately represents the flow
situation in the cascade flow passage and the cascade's
overall performance, the total pressure loss coefficient at
the outlet section of the cascade was selected as the
reference parameter. The total pressure loss coefficient is
defined as follows:
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Fig. 3 Verification of grid independence of cascade
and slotted channel
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As illustrated in Fig.3, cascade grids increased from
0.5 million to 1.8 million in six steps. At a grid size of 1.54
million, the total pressure loss coefficient variance was
relatively minimal. Therefore, a 1.54 million grid size is
selected as the grid size of the prototype cascade,
considering calculation costs. For the blade slotting, the
mass flow rate at the outlet of the slotted channel was
selected as the reference parameter. The grid size in the
slotted areas increased from 0.1 million to 0.7 million in
eight steps. It can be seen from the curve that the outlet
flow of the slotted channel decreases with the increase in
the grid size. The outlet flow stabilised when the grid size
exceeded 0.22 million. Therefore, a 0.22 million grid size
is selected for the slotted region. Accordingly, the slotted
channel grid nodes increased to different degrees with the
change in the slotted channel height.

2.2 Experiment introduction
2.2.1 Experimental Equipment

Helium wind tunnel tests require costly seals and
sufficient helium. It has been shown in the literature (Tian
et al., 2021) that an air-working fluid with equal inlet
Mach and Reynolds numbers and lower Mach numbers
can reflect, to some extent, the flow of the helium working
fluid inside the cascade. Therefore, the experiments in this
study used air instead of helium as the working fluid and
the feasibility of using air instead of helium as the working
fluid was verified. The cascade was tested on a subsonic
cascade wind tunnel test bench at the Dalian Maritime
University. The major components of the test bench and
cascade are shown in Fig.4. The wind tunnel was a
continuous normal-temperature open-jet wind tunnel. The
requisite airflow was achieved using a centrifugal fan, and
the inlet Mach number was regulated by adjusting its
speed. The working fluid successfully enters the pressure
diffuser section and the pressure stabilising and
contraction sections. The effective exit of the test section
was rectangular with dimensions of 255 x 60 mm. An
electrical machinery control structure was installed on the

787



Y. Fanetal. / JAFM, Vol. 17, No. 4, pp. 785-798, 2024.

&

. Probe digplacement

Five-hole plobe

Hand automatic
integrated turntable

/ Total pressure probe

Contraction
segment

Stabilizing section

‘ Centrifugal
B fan
Diffuser

4

Total temperature
probe

Fig. 4 Layout of the wind tunnel and test cascade

Measure plane
\

]
AN

0.5C
AN
.

(a)Measurement plane

Y-Axis{mm)
.

2 020800080000 000
9 eeseseessssenene;

!
{880 & & @&

Y

h
L

X-Axis(mm})

(b)Measurement points

Fig. S Layout of measurement plane and measurement points

test bench to enable the movement of the five-hole probe
on the two-dimensional plane. The turntable installed at
the bottom of the test section can rotate clockwise and
counterclockwise using a hand wheel or motor to achieve
different incoming flow attack angles. Both the slotted and
prototype blades were fabricated using 3D printing
technology to guarantee the precision of the slotted profile
and consistency of the surface roughness. The installation
position was reserved in the height direction of the blade
to allow the initial position of the slot to be directly
attached to the end wall.

2.2.2 Experimental Method

The total inlet temperature and pressure were
measured using a probe at the end of the pressure-
stabilising section. Outlet airflow parameters were
measured using a five-hole probe. The five-hole probe was
located at the 50% chord-length plane from the blade's
trailing edge and moved along the coordinated axis
trajectory, as shown in Fig. 5(a). There were 336 test

points distributed throughout 14 rows and 24 columns. A
higher density of test points was observed in the wake and
end wall areas, as shown in Fig.5(b).

The actual flow in a cascade channel can be simulated
accurately using a suitable turbulence model. This paper
selects three turbulence models (k-g, k-, and SST), and
numerical calculation was conducted with design attack
angle and Mach number. Figure 6 shows the distribution
of the total pressure loss coefficient at the outlet section
for the three turbulence models and the experimental
results. The loss contour obtained with the SST turbulence
model was the closest to the experimental results.
Therefore, the SST model was used in subsequent
numerical simulations. A description of the theoretical
basis of the SST turbulence model is available in the
literature (Li et al., 2023), which describes turbulent
Kinetic energy «, turbulent dissipation rate w and turbulent
eddy viscosity.
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3. NUMERICAL RESULTS AND DISCUSSION

3.1 Influence of Slot Shape on the Performance of
Cascade

3.1.1 Location Of Entrance Point of Slotted Channel

Previous research (Zhao at al., 2022) on blade slots
has shown that a slot at the midsection of the blade might
increase the compressor stall margin. However, it has a
more detrimental effect on efficiency. The trailing-edge
slot had the most negligible impact on the efficiency.
However, it had the least ability to increase the stall
margin. The rear slot is maintained between the middle
and trailing edges of the blade. Meanwhile, the angle
separation advanced when the attack angle of the
incoming flow increased. Therefore, the upstream point of
the slotted channel outlet, point B, was chosen as the
benchmark and positioned at 65% of the axial chord
length. Accordingly, points A, C, and D were chosen at
suitable locations based on the benchmark points and the
arrangement of the grid nodes. In this case, points A, C,
and D were located near 50 %, 60%, and 68% Ca,
respectively. The profile near the leading edge (AB) is
more prone to separation owing to the Coanda effect,
which significantly affects cascade performance.
Therefore, based on the aforementioned technique, the
position of point A is adjusted upstream, keeping the other
points, that is, positions B, C, and D, unchanged. The
geometry of the slotted channel is shown in Fig.7. The
entrance areas of A; are the smallest, and A4 are the
broadest, respectively. In this section, full blade height
slotting is adopted, and the effect of channel height on the
cascade performance is not analysed.

The numerical calculation under the design
conditions validated the positive effects of the axial slot
position and slot arrangement. The total pressure loss
coefficient results are shown in Fig.8. The improvement
coefficient was defined as follows:

LE

Fig.7 Display of slot axial position and slot
control point
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Fig. 8 Total pressure loss coefficient and
improvement of different points A
ACpt% = (Cpto _Cpls) / Cpto (2)

Here, Cpy is the total pressure loss coefficient of the
prototype cascade, and Cps is the total pressure loss
coefficient of the cascade with the addition of a slot. It can
be seen that the four arrangements are effectively reduce
the total pressure loss of the prototype cascade. The
numerical calculation results are presented in Fig.8. The
maximum optimisation effect was obtained once the
upstream inlet was fixed at the A, position. At this time,
the position of point A was near 48% Ca from the leading
edge of the blade. In this arrangement, the total pressure
loss coefficient was 0.04871, which was 11.634% better
than that of the prototype cascade.

3.1.2 Slotted Channel Profile

In order to direct the fluid to a specific angle in the
channel, both ends of the slotted channel profile should be
tangential to the blade profile. In this section, the slotted
profile is further improved based on the deductions from
the previous section. Once the control points were set, five
profile arrangements with reasonable variations in
curvature were selected. These five arrangements were
named Case 1 to Case 5, as shown in Fig. 9. The flow
capacity at the outlet section of the slotted channel and the
total pressure loss coefficient of the cascade are shown in
Fig.10. It can be seen that the greater the flow rate in the
channel, the smaller the cascade loss when the inlet and
outlet areas are fixed. The profile design in Caseb
increases the flow capacity of the slotted channel
and minimises the cascade loss. The total pressure loss
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Fig. 9 Layout scheme of slotted profile

coefficient in Case 5 was 0.04846, and the improvement
coefficient was 12.095%.

Figure 11 illustrates the total pressure loss contours for
the five slotted profile schemes, where the high-loss area
in Case 5 is the smallest. Case 1 and Case 3 have similar
results. Case 2, Case 4, and Case 5 had similar results. As
can be seen from the characteristics of the profiles

2.05

5

Qm/10°(ke)s

o
. ]
]

2 i 4 5
Case

(a) Flow capacity of slotted channel outlet

displayed in Fig. 9, the Case 1 profile changes abruptly,
resulting in a sudden reduction in the flow area of the
channel. The second half of the Case 3 profile is nearly
straight and may not adapt to the fluid flow in the slotted
channel. After the calculation, it can be observed that
profile AB is as tangential to the blade surface as possible
at the entrance and exit. The transition in the middle
section is reasonable, which can obviously improve the
cascade. The change in the grooving profile significantly
affected the loss area at the boundary layer, high-loss area
close to the wall, the loss area near the middle of the blade,
and the radial area of the loss area. The reasonable slotted
profile increases the acceleration of fluid flow in the
channel, so that the fluid at the outlet of the channel has
enough momentum to suppress the backflow phenomenon
at the corner of the stator, thus mutually inhibiting the
vortex structure at the corner.
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3.2 Influence of Slot Height on the Performance of
Cascade

3.2.1 The Analysis Results of Design Angle of Attack

The full blade-height slotting technique is a
challenging control method because it alters the blade
geometry to minimise separation and enhance
performance. Selecting an appropriate channel height can
effectively control the separation flow while considering
the structural performance of the blade. In this section,
different slotting heights are analysed with the established
slotting positions and profiles at the designed angles of
attack. For the analysis, six different working conditions
were designed based on the relative blade heights of 3.3%,
8.7%, 14.2%, 19.7%, 25%, and the full-blade height.
The number of spanwise grid nodes increased with a
change in the slot height. Fig. 12 shows the total pressure
loss coefficient of the outlet cross-section for different
arrangements.

The results in Fig. 12 show that the total pressure loss
coefficient of the cascade does not change obviously with
the further increase of the slot height. The total pressure
loss coefficient change for full-blade-height slotting
compared to 19.7%H slotting is only 1%. To explore the
influence of the slot height on the cascade performance
analysis, three different schemes were designed based on
the relative blade heights: 8.7%, 14.2%, and 19.7%.
Because the blade height was 60mm, the three schemes
were named Case-5.22, Case-8.53, and Case-11.8,
respectively. Figure 13 shows the total pressure loss
contours in the prototype cascade and the cascade with
three different slotted channel heights. The prototype
cascade has a large-scale separation concentrated in the
corner region, and the middle diameter loss is less than that
in the other cases. Each slotting arrangement significantly
inhibits the loss caused by the accumulation of low-energy
flow clusters on the suction surface. The loss range is also
reduced. Case-8.53 significantly changes the flow field
behind the cascade, resulting in significant compression of
the spanwise height of the loss region. Furthermore, Case-
8.53 has a better impact on reducing the end wall boundary

-
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Fig. 13 Contour of total pressure loss at the outlet
section
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Fig. 14 Outlet cross-section losses along the blade
height for different slotted heights

layer than Case-5.22. However, the loss zone close to the
centre of the blade widened. As the slot height increased
further, the light red wake loss under the high-loss area of
Case-11.8 reduced, and the loss at the mid-diameter
narrowed. No significant variation was observed in the
blowing effect on the boundary layer or the core position
of the high-loss area.

Figure 14 shows the distribution of the total pressure
loss for different arrangements. By analysing and
comparing the change in loss between the prototype
cascade and the slotted cascade, it is possible to compare
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changes in the outlet span loss. The height loss ranged
from the end wall to 25%H in the prototype cascade. The
slotting arrangement at the root resulted in less than 25%H
losses. In addition, the corner loss coefficient is reduced.
However, a slight increase in loss from 25%H to the
middle of the blade was observed. Case-8.53 gives a better
blowing impact on the end-wall boundary layer within
6%H. In the range of 6-12%H, the circumferential width
of the loss region broadened because the slot height
increased. An increase in the slot height significantly
reduced the loss in the range of 12%H~25%H. This
confirms that an increase in height can further reduce the
spanwise height of the loss. Meanwhile, it can be observed
that the loss trajectories of Case-8.53 and Case-11.8
almost overlap. This phenomenon was consistent with the
loss pattern shown in the contour of the total pressure loss.

Figure 15 shows the static pressure distribution
contour and limiting streamline on the suction surface of
the cascade. The flow capacity of the cascade was
improved using a slotted channel arrangement with
different heights. In Case-5.22, the flow at the end wall
and suction surface were similar to those of the prototype
cascade. Because the channel height of this arrangement
was also low, the elevation height of the corner area was
the same as that of the prototype cascade. Accordingly, the
spanwise vortex structure at the trailing edge, generated by
the interaction of the pressure surface backflow and the
suction surface-end wall, disappeared. The influence of
slotting on the flow field in the corner was significant in
Case-8.53. In this case, the separation lines below the

channel height disappeared. Part of the fluid flowing out
of the slotted channel was elevated in the spanwise
direction by the backflow of the boundary layer (near the
trailing edge and end wall). Furthermore, there was a
significant increase in static pressure at the trailing edge.
Case-11.8 has a larger slot height, which allows for a
broader range of influence of the fluid at the outlet of the
channel but produces almost the same beneficial effect as
Case-8.53, with a similar vortex structure in the trailing
edge corner area and almost the same high hydrostatic
pressure region contour for both schemes. The leakage
flow generated by slotting has obvious jetting property.
With the increase of slot height, two obvious vortex points
appear on the hub surface. Among them, the small vortex
point is the companion vortex induced by the leakage
vortex jet, and the other vortex point is the radial vortex
formed by the confluence of the jet and the main stream.
Leakage flow on the suction surface inhibits the influence
of some of the lower end-wall surface layer boundary on
the main flow, and the helicity of the concentrated
shedding vortex(CSV) is weakened.

Figure 16 shows the axial vortex contours of cross-
section S3 for different slot height arrangements. The
main effects of slotting are concentrated shedding vortex
(CSV), passage vortex (PV), and wall vortex (WV). In
Case-5.22, the vorticity of the CSV decreased compared
with that of the prototype. Moreover, the vortex core
began to move towards the blade root. Both the vorticity
and influence range of the PV decrease and
the circumferential range of the WV also decreases. The
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vortex structure behind the trailing edge changed
significantly with increased slot height. The CSV
increases in vorticity but decreases in the influence range
under the action of slotting, and its influence on the fluid
at the centre of the blade is weakened. The PV further
reduces the CSV and leakage owing to slotting.

This study defined the relative blockage coefficient to
quantitatively evaluate the improvement in the cascade
flow capacity by slotting. This equation is formulated as
follows:

£ () = [ -Tpv, (0 V)1 Vi Jdy 3)
ége*ff :[5*(X)_§;id]/t 4

Figure 17 shows the distribution of the relative
blockage coefficient of the outlet section in the spanwise
direction. The blockage close to the blade root was
significantly reduced by slotting. However, the blockage
ratio in an area greater than 25%H slightly increased for
the prototype, which was caused by an increase in the flow
near the blade root once the cascade flow was fixed. The
blowing ability of the slotted channel for a low-energy
fluid increases with height. The low-energy fluid was
constrained to a smaller height range, and the flow
capacity near the blade root was further increased.

Figure 18 shows the total pressure loss contours and
streamlines at 10% blade height. Two radial vortex
systems comprise most of the prototype cascade loss at
10%H. However, varying the heights of the slotted
channels has varying effects on the loss structure,
particularly in this section. Case-5.22 arrangement reduces
the scale of the vortex structure outside the suction surface
and moves the vortex core towards the trailing edge. The
separation on the outer side of the suction surface varied
as the height increased. The high-energy fluid flows out of
the slot and then flows close to the blade surface, canceling
with the vortex system structure generated by the
separation of the angular region and appearing at the
trailing edge as another small-scale vortex structure due to
the convergence of the jet flow with the main flow.

[ ~ n
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Fig. 18 Total pressure loss and streamline
distribution in 10% blade height section

3.2.2 The Analysis Results of Variable Angle of Attack

The operating conditions of helium compressors
regularly fluctuate owing to numerous factors that require
a compressor with excellent stability. This section aims to
determine whether the slotted cascade performs well
aerodynamically under different inflow conditions. Case-
8.53 can obtain a specific improvement effect;
simultaneously, the damage to the structural strength of
the blade is relatively small. To ensure that the test was
carried out smoothly, the prototype cascade and Case-
8.53 aerodynamic performance and flow field variation
were analysed with different angles of attack in this
section.

The curve between the pressurising capability of the
cascade and the total pressure loss as a function of the
angle of attack can somewhat represent the performance
of the cascade. The characteristic curve is shown in Fig.19.
The working fluid diffusion capacity is represented by the
static pressure ratio in the cascade, and its formula is

z=PIR, ®)

where P denotes the static pressure at the measurement
point. It can be concluded that slotting can reduce the loss
and increase the pressure ratio of the prototype cascade
within a selected angle of attack, as shown in Fig.19. The
pressurisation ability of the cascade improves with an
increase in the angle of attack.

Three angles of attack i.e. -4°, 0° and 4° are selected
for further analysis. From Fig. 20, it can be observed that,
for all angles of attack, the main affected area of the slotted
channel was below 25%H and did not change with the
selected angles. The improvement below 25%H became
more prominent when the angle of attack shifted from
negative to positive; however, the loss in the middle of the
blade increased. When i=4°, slotting had the best blowing
effect on the boundary layer of the end wall, thereby
improving the flow in the corner region.
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Fig. 19 Attack angle characteristic curves of two
arrangements

Figure 21 shows the static pressure distribution and
limit streamlines on the suction surface at different angles
of attack. The blade root slotting mainly influenced the
downstream flow field of the slotted channel outlet. Its
effect is visible in changing the blade trailing-edge wall's
separation structure, delaying the corner separation's
generation points, and inhibiting the development of
corner separation in the radial direction. The low-energy
flow at the corner increases in velocity as part of the fluid
flowing out of the channel moves in the flow direction.
The other part is squeezed by the trailing edge reflux and
advances towards the blade centre, forming a new
separation line. Hence, the static pressure at the trailing
edge of the blade increased significantly with an increase
in attack angle. When a slot was added, the separation line
structure at the end wall of the trailing edge became more
regular. This demonstrates that the working-fluid flow in
the cascade can be effectively organised with the addition
of aslot.

30

(c)i=4°

Fig. 20 Outlet cross-section losses along the blade height for different angles of attack
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Fig. 21 Static pressure distribution and the limit streamline the suction surface for different angles of attack

(e)Case-8.53 i=0°

(f)Case-8.53 i=4°
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Fig. 22 Distribution of static pressure coefficient
of different schemes with 20% blade height section
under different working fluids

4. EXPERIMENTAL VERIFICATION OF
NUMERICAL RESEARCH ON BLADE
ROOT SLOTTING OF HELIUM
COMPRESSOR

Helium is a unique working fluid that is difficult to
compress, and experimental studies on helium are
expensive and challenging. In recent years, most scholars
researching helium compressors have used an air
compressor design and conducted experiments for
validation. This section compares the numerical
simulation results for helium as the working fluid and air
under different operating conditions to demonstrate the
feasibility of the alternative testing of helium with air as
the working fluid. Experiments with air as the working

fluid in the prototype and slotted cascades were conducted

t

ORI

Slot

(a)i=-4° (b)i=0°

to verify the effectiveness of slotting on a high-load
helium compressor cascade.

Figure 22 shows that at similar Reynolds and Mach
numbers, the pressure distributions on the blade surface of
the high-load blade profile calculated by numerical
computation with air and helium were consistent. Slotting
can increase the blade profile load by approximately 40%-
75% of the chord length. The fluid downstream of the 75%
chord length increased the static pressure near the trailing
edge owing to the energy loss from the pressure surface
and separation from the suction surface, which reduced the
profile load.

To conclude, cascade air can be used for the helium
compressor. To validate the effectiveness of slotting, the
prototype, and Case-8.53 cascade were analyzed in wind
tunnel experiments at the design Mach number, i.e., 0.3
Ma in this paper. Figure 23 shows the total pressure loss
contours at the outlet section under different slotting
arrangements and attack angles. Figure 2 shows that
slotting compresses the height of the spanwise loss region
of the prototype cascade from 30%H to the blade root
while reducing the spanwise coverage of the core loss. The
optimisation effect of slotting is more prominent at a
positive angle of attack. These experimental phenomena
are consistent with the numerical simulation results.

Figure 24 compares the average total pressure loss
coefficients at the outlet. Owing to the deviation between
the calibration condition of the five-hole probe and the
actual experimental conditions, the outlet loss was
generally higher than that in the numerical simulation
results. The graph in Fig.24 shows that slotting decreases
the cascade loss at every angle of attack. The effect of
blade root slotting became more significant with increased
attack angle. Therefore, the cascade loss decreases by
16.469% at an attack angle of 4°.

Cp, 0.050.15 0.25 0.35 0.45 0.55

hWH

0
(c)i=4°

Fig. 23 Total pressure loss distribution of measure plane
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Fig. 25 Qil flow test of prototype cascade and slotted cascade

An oil flow test can be used to investigate the effects
of blade root slotting on the limiting streamline on the
suction surface under realistic cascade conditions.
Simethicone, oleic acid, and blue pigment were mixed
appropriately and allowed to settle for > 3 h to ensure
proper viscosity and uniform color. Subsequently, the
coating was uniformly applied to the suction surface of the
blade, and the experiment was conducted. The limiting
streamlines of flow at different attack angles are shown in
Fig. 25. It can be observed that the streamline after slotting
moves significantly backward compared to the prototype
separation line with an increase in the attack angle, and the
reverse flow region shortens radially and moves towards
the blade root. The slotted blade utilize the pressure
difference between the suction surface and the pressure
surface to generate gap leakage flow, and the axial
momentum of the leakage flow inhibits the over-turn of
the lower end-wall surface layer boundary, thus reducing
the negative impact of the layer boundary on the
mainstream fluid.

5. CONCLUSIONS

In this study, a numerical simulation was performed
to investigate the effects of the slotting profile and slotting
height on the performance of a high-load helium
compressor cascade, which fills the gap in the control
technology of high-load helium compressor. In addition,
the effect of varying the angle of attack was analysed. The
numerical results were validated experimentally using air
as the working fluid. The following conclusions were
drawn:

1) The slot position was set at 65%Ca because the
positioning of the slot at the upstream position was
ineffective owing to the flow deviation from the blade
profile and the smaller outlet angle. Accordingly, it is
concluded that the total pressure loss coefficient is
reduced when the slot entrance is positioned at the A2
point, and the slotted profile of Case 5 is used. This
solution is more in line with the flow of the fluid
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inside the channel and increases the axial momentum
of the outlet fluid.

2) The axial momentum generated by the leakage
vortices blows away the vortices formed due to the
separation of corner area. The airflow flows close to
the suction surface of the blade and breaks away at the
trailing edge of the blade, merges with the main flow
and forms a new vortex. As the height of the channel
increases, the blowing away of the vortices in the
corner region becomes more pronounced and the
cascade improvement performance is better. The
vortex core of the concentrated shedding vortex (CSV)
flow towards the end wall, and the vorticity and
influence area of the passage vortex (PV) and wall
vortex (WV) are reduced.

3) Slotting reduced corner separation for all selected
attack angles. The improvement in the cascade
aerodynamic performance with the addition of
slotting was prominent in the secondary flow loss and
corner regions below 25%H. The separated flow
intensity in the corner region was significantly
reduced. Accordingly, the flow capacity of the high-
load cascade increased because of the optimum
positioning of the slotting close to the blade root.

4) The improvement effect of slotting on a high-load
helium compressor was analysed experimentally. It
was concluded that the total pressure loss coefficient
of the slotted cascade was reduced by 6.167%
compared with that of the prototype cascade at the
design attack angle. Accordingly, the improvement
effect of the slotted cascade was 16.469% better than
the prototype cascade at an attack angle of 4 °.
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