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In this paper, based on the thermodynamic design of the supercritical carbon diox-
ide (sCO,) centrifugal compressor, the design idea of the flow passage geometries
and the method to improve the performance of the sCO; centrifugal compressor are
discussed. With the help of commercial software ANSYS CFX, the influence of the
shape of the leading edge and trailing edge is studied, and the elliptical leading
edge makes the pressure ratio 10.30% higher and the efficiency 3.95% higher than
the square leading edge. By changing the forward-swept angle and back-
ward-swept angle of the leading edge, the effects of aerodynamic swept shape in
sCO; centrifugal compressor are discussed. The effect of the gap between the im-
peller blade and diffuser blade is discussed, and the 10 mm gap makes the perfor-
mance best. The pressure ratio is increased by 2.5% compared with the original de-
sign, while at the same time the efficiency is slightly improved. In summary, based
on thermal design of the sCO; centrifugal compressor, the effects of different flow
geometries are analyzed in detail.
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Introduction

The centrifugal compressor has the characteristics of compact structure, good process

performance and high single-stage pressure ratio, so that it plays an important role in acrospace
and transportation. It has been widely used in various fields of industry. In aerospace industry
the centrifugal compressor is mainly used in turboshaft and turboprop engines. The composition
of the centrifugal compressor in the engine develops from single-stage centrifugal compressor,
axial-flow and single stage centrifugal compressor to two stage centrifugal compressor, and
there have been diagonal-flow compressor and diagonal-flow centrifugal compressor.

With the growing demand for development, there are higher requirements for structure

* Corresponding author, e-mail: yhxie@mail xjtu.edu.cn

and performance of centrifugal compressor. Meanwhile, the centrifugal compressor using normal
refrigerant has been difficult to meet the design requirements. The CO, has become one of the
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most promising natural refrigerants due to its characteristic properties under supercritical condi-
tion. The CO, is colorless, odorless and non-toxic. Besides, it has steady chemical properties and it
is easy to get because it widely exists in the atmosphere. The critical temperature of CO, is 31.1 °C
and critical pressure is 7.4 MPa [1], thus it is easy for CO, to reach the supercritical state, which
has lower requirement on equipment and decrease the production cost. The CO, has high density
like liquid, low viscosity like gas and low surface tension and has good flow, penetration and
transfer performance under supercritical condition [2, 3]. Using sCO, as thermodynamic cycle re-
frigerant makes it possible to make full use of the characteristics of the high density near the criti-
cal point, reduce the compression power of the whole cycle [4] and improve cycle efficiency.
Meanwhile, the compressor using sCO, as refrigerant has a smaller structure [5].

Based on the special characteristics of sCO,, some scholars have carried out theoreti-
cal analysis, numerical simulation and experimental research on the design, parameter optimiza-
tion and efficiency of sCO, centrifugal compressor. Kim [6, 7] analyzed the performance of
sCO, centrifugal compressor with different mass-flow rate by numerical method and experi-
mental method. It is found that the numerical simulation results are in good agreement with the
experimental results. The sCO, compressor test system was constructed by Sandia National
Laboratories Albuquerque, N. Mex., USA. The flow characteristics of the compressor and the
system control near the critical point were studied by theoretical analysis and experimental mea-
surement [5]. Pecnik et al. [8] used Spalart-Allmaras (S-A) model and two equation k-w SST
turbulence model to carry out the numerical analysis of the radial-flow sCO, compressor, and
compared the numerical results with the sCO, compression cycle test data of Sandia National
Laboratories. Ishizuka et al. [9] and Muto ef a/. [10] used a modular approach to design a small
size centrifugal compressor as a test of the sCO, compressor together with their partners.

Based on the current research, this paper attempts to explore and excavate new design
freedom, enrich and increase the design dimensions, expect to improve the working ability of
sCO, centrifugal compressor. The pressure ratio and efficiency of the compressor can be further
improved by changing the shape of the leading edge and trailing edge of the blade, the shape of
the blade leading edge and the gap between the impeller and the vane diffuser.

Design of the sCO, compressor

The state parameters of inlet and outlet are selected by taking example from Zhao et al.
[11]. The compressor design was developed using a three-step design process. First, a quick
parametric screening study using mean line analysis and empiricism was conducted to synthe-
size the effects of various design parameters on performance [12]. Based on 1-D flow, the ther-
modynamic parameters of each feature point and the basic dimensions of the main parts of the
flow passage are finally determined with the support of the actual gas state equation, process
equation, flow continuity equation, momentum equation, and energy equation. Once a skeletal
geometry model that had a performance potential consistent with the requirements was estab-
lished by self-developed program. The detailed geometry of the centrifugal compressor was
sculpted using ANSYS Workbench as a turbomachinery geometry modeler. The development
of the detailed geometry was guided by various aerodynamic analysis tools including 3-D vis-
cous CFD.

The performance estimates as well as the state parameters at inlet and outlet of the de-
signed centrifugal compressor are listed in tab. 1. The detailed geometric parameters of the im-
peller and diffuser are determined in the design process. In this paper, multiple tests were con-
ducted to ensure the high efficiency of the sCO, centrifugal compressor. Figure 1 shows the
meridional planes shape of the impeller of the designed sCO, compressor and fig. 2 for the ge-
ometry of the diffuser.
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Table 1. Performance estimates and state
parameters of the designed compressor

Type Parameters Value
Input power, [MW] 5
Performance Mass-flow rate, [kgs™'] 272.6
estimates
Rotational speed, [rpm] 15000
Efficiency, [%] 79.5
Inlet temperature, [K] 306.7
State Inlet pressure, [MPa] | 8.96
parameters

Outlet temperature, [K] 327.5
Outlet pressure, [MPa] 18.94

Figure 1. Meridional planes shape of the impeller
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According to the geometric parameters of
thermal design, the 3-D modeling of impeller
and diffuser of sCO, centrifugal compressor is
carried out, as shown in fig. 3. The whole 3-D

model includes 15 impeller blades and 15 dif- \
fuser blades, the impeller radius is 101.959 mm, _ )
and impeller blade height at outlet is 18.586 (
mm. :

(@) (b)

Numerical methods

Figure 2. Meridional planes shape of the diffuser

I Figure 3. The sCO, centrifugal compressor
Boundary conditions 3-lg) model; (a) impzeller, (b) %iiffuserp
In this paper, a single passage model (a

impeller flow passage and a diffuser flow passage) is adopted for numerical calculation. The re-
frigerant is sCO,, and the physical parameters are the same with CO2RK in the MATE-
RIAL-redkw database in ANSYS CFX. The database is based on the Redlich-Kwong equation,
and provides a variety of amendments. Kim ef al. [6] estimate the error between the real proper-
ties and the ones calculated within the CFX code to verify the reliability of the CO2RK. The
boundary conditions of mass, flow, and temperature are given in the impeller fluid flow field,
and the inlet flow rate is 18.173 kg/s, the inlet temperature is 306.7 K. Besides, the impeller
fluid-flow, field is set around the Z axis with a rotational speed of 15000 rpm. The diffuser
fluid-flow field is set as the pressure outlet boundary condition, and the outlet pressure is 18.94
MPa. The mixed model Frozen rotor is adopted to couple the flow of the impeller and diffuser.
Meanwhile, the wall surface of the diffuser is set as an absolutely stationary wall, and the wall of
the impeller is set as a relatively stationary wall, and the upper and the lower walls of all the re-
gions are adiabatic walls, which can meet the requirements of non-slip flow conditions.

Turbulence model

The SST k- turbulence model is adopted in this paper, which was proposed by Menter
[13] based on the k¢ and k- turbulence model. This model combines the advantages of the k¢ tur-
bulence model and k-@ turbulence model. It not only overcomes the limitations of k-¢ turbulence
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model to simulate the wall region of low Reynolds number, but also overcomes the disadvantage
that the k-o turbulence model has a high requirement for grid quality, so it is efficient and accurate to
simulate turbulent flow. Some other scholars [14-16] have also used the turbulence model in the
analysis of centrifugal compressor, and obtained reasonable results.

The numerical computation in this paper is accomplished in commercial software
CFX. The flow and temperature field are acquired by solving 3-D Navier-Stokes equation. The
numerical computation is considered converged when the residuals of continuity equation, mo-
mentum equation and energy equation are all below 1-10* and the average inlet pressure and
outlet temperature deviation of adjacent iteration step is less than 0.1%.

Table 2. Grid independence (design model) Grid dependence

Number Impeller inlet | Diffuser outlet Impeller This paper adopts hexahedral
Tl pressure, temperature, torque, structured grid to mesh model, select-

oI grids [MPa] [oc] [Nm—l] . . .
ing the method of the combination of
200000 8.9159 329.078 220.928 The H-type meshing is used on the
400000 9.0466 328.304 215.733 blade leading edge, trailing edge and
side, and the O-type meshing is
700000 9-0485 328.203 215478 adopted on the blade surface. In order

to avoid the calculation error caused by
mesh precision, taking the design model as an
example, a variety of grid scales (100000,
200000, 400000, and 700000) were used to
measure the inlet pressure of the impeller, dif-
fuser outlet temperature and impeller torque,
and the verification results are shown in tab. 2.
As can be seen from the table, the results of

(b) 400000 grids and the 700000 grids are relatively

@ close. Taking into account the calculation of re-

Figure 4. The schematic diagram of the mesh;  sources and time, the final selection of the num-

(a) impeller flow passage, (b) diffuser flow ber of the grid is about 400000. The schematic
passage diagram of the mesh is shown in fig. 4.

Results and discussion

Different leading edge shapes

On the basis of the design model, the numerical simulation is carried out to study the
effect of leading edge shape on sCO, centrifugal compressor. The calculation sets four pro-
grams, namely Square LE, Circle LE, Ellipse LE1, and Ellipse LE2, as is shown in fig. 5, where
the elliptical axis ratio of Ellipse LE1 is 2.5 and that of Ellipse LE2 is 5. The trailing edges of the
four programs are kept constantly circle, and the total chord length of the blades is consistent.
Besides, the boundary conditions are the same as the design conditions.

Table 3 lists the comparison of performance parameters of centrifugal compressor
with different leading edge shapes. It can be seen that the total pressure ratio of Ellipse LE2 is
the largest and its efficiency is the best, followed by Ellipse LE1, Circle LE, and Square LE.

In this paper, the sCO, centrifugal compressor is evaluated by the total-total efficiency, and
the concrete calculating methods are:
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where / is the represents the enthalpy value of =

sCO,, in — the inlet of the centrifugal compres-

sor, out — the outlet of the diffuser, T’ — the total

parameters. i ek
In the impeller passage, the fluid accelerates

rapidly after bypassing the leading edge and

over expands. When approaching the blade, a

large inverse pressure gradient occurs on

the blade surface due to the abrupt change Table 3. The comparison of different leading

of curvature, and the fluid tends to sepa-  edge shapes

Figure 5. Different leading edge shapes

rate at this time. The disturbance of sepa- P ) Ltotal
. .- . Case ower, | Tota pressure Tota -tota
Eltlon 1za(c11s to the trafr;s%on odf laminar [MW] T, efficiency
ow and downstream fluids undergo tur-
bulent reattachment. Thus the separation Square LE | 4613 1.872 0.7749
bubble is formed. Figure 6 is streamline Circle LE | 5.034 2.045 0.7802
distributions of the impeller. As can be Ellipse LE1 | 5.089 2.048 0.7858
seen from fig. 6, for Square LE, separati.on Ellipse LE2 | 5.099 2.065 0.8055
bubbles are formed on both the suction

and pressure side of the impeller blade,

which are then re-absorbed on the blade surface downstream. Circle LE only produces a separa-
tion bubble on the suction side of the blade, and is rapidly adsorbed to the blade surface. The size
of the separation bubble is much smaller than that of Square LE. Meanwhile, the loss near the
trailing edge is much smaller. It is worth mentioning that the separation bubbles at the leading
edge of Ellipse LE1 and Ellipse LE2 are very weak. Therefore, the loss of Ellipse LE is smaller
than that of Circle LE.

Different trailing edge shapes

Similarly, on the basis of the design model, the numerical analysis of four different
trailing edge shapes is carried out. Figure 7 shows the shape of the trailing edge enlargement,
where the elliptical axis ratio of Ellipse TE1 is 2.5 and that of Ellipse TE2 is 5. Besides, the
boundary conditions are the same as the design conditions.

Table 4 shows the comparison of performance parameters of centrifugal compressor
with different trailing edge shapes. As can be seen from tab. 4, although the pressure ratio of the

Ve‘:%c;téso . Velocity Velocity Velocity
: - 175.352 189.066 a .
§ - 192.245 a
s 131.545 141.820 i 144.221 y
91.889 ; | 87.738 94.574 96.197
4B.019 8 " 43931 47328 48,173

O1Jlﬂ'§— — . 0_12"327:_-. : goéé‘ﬁ = 0145'_

[ms™) (@) ms' b ms™] ' (© [ms™] (d)

Figure 6. Streamline distributions of the impeller; (a) Square LE, (b) Circle LE, (c) Ellipse LE1, and
(d) Ellipse LE2
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Circle TE Ellipse TE1

Table 4. The comparison of different trailing
edge shapes

) Power, |Total pressure| Total-total
SR LS (CER [MW] ratio efficiency
Square TE | 5.248 2.109 0.7691
Square TE .
CircTETE | 5.081 2.049 0.7863
Ellipse TE1| 5.019 2.045 0.7891
Ellipse TE2| 5.132 2.059 0.7805

Figure 7. Different trailing edge shapes

Square TE program is the highest, but the efficiency is the lowest, and the maximum efficiency
difference with other programs is about 2%, which shows that the trailing edge of smooth transi-
tion is better than the blunt trailing edge. In addition, efficiency of Ellipse TE1 is higher than
that of Ellipse TE2, while the total pressure ratio varies not much, which means that when the el-
liptical axis ratio is bigger, efficiency is not necessarily better.

!

~{

Figure 8. The relative Mach number distributions in 50%

.-

Figure 8 shows the relative Mach

oz As can be seen, the impeller outlet

o flow uniformity of the Square TE
°® scheme is relatively poor. Because
o= the curvature of Square TE is large,
" the serious flow separation is oc-

curred near leading edge region

~3 °»  number distributions in 50% blade
e height section near the trailing edge.

blade height section near the trailing edge; (a) Square LE,  Which in turn affects the flow in the

(b) Circle LE, (c) Ellipse LE1, and (d) Ellipse LE2

diffuser. The increase of the non-uni-
formity of outlet flow leads to a large

loss of the compressor, which shows that the efficiency is lower than the other three schemes.
The difference between the relative Mach number distributions of the other schemes is very
small, so the smooth shape of the trailing edge has little influence on the flow structure. At the
same time, the bigger elliptical axis ratio of Ellipse TE will increase the Much number of the

Figure 9. Different swept shape cases

trailing edge which leading to a higher loss coef-
ficient. So that the performance of Ellipse TE
with smaller elliptical axis ratio is better.

Different leading edge swept shapes

In this paper, the numerical simulation of the
different leading edge swept shapes of the cen-
trifugal impeller is carried out based on the de-
sign model. Different schemes were recorded as
Case A, Case B, Case C, Case D, and Case E, as
shown in fig. 9. Among them, Case A is a normal
blade whose leading edge is not swept. Case B
and Case C are blades with backward-swept
leading edges, whose backward-swept angles
are 5° and 10°, respectively. Case D and Case E
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are blades with forward-swept leading edges, Table 5. The comparison of different leading
whose forward-swept angles are 5° and 10°, re-  edge swept shapes

spectively. Case Power, Total Total-total
Table 5 shows the effect of different leading [MW] | pressure ratio | efficiency
edge sweeping shapes on the performance of |[cae Al 5.081 2049 0.7863

sCO, centrifugal compressor. The total pressure

. . p . B .071 2.052 7862
ratio of the backward-swept leading edge is a little Case 307 05 0786
bit bigger than that of normal leading edge, butthe || Case €| 5.077 2.054 0.7850
efficiency of the backward-swept leading edge is || Case D| 5.076 2.048 0.7859
lower than that of normal leading edge. Whenthe | c,sc E| 5.140 2050 0.7799

backward-swept angle increases, the efficiency
decreases, and the tendency of performance deg-
radation increases. In addition, forward-swept leading edge has essentially the same total pres-
sure ratio and a lower efficiency compared with normal leading edge. When the forward-swept
angle increases, the efficiency decreases but the amplitude increases, and the tendency of per-
formance degradation increases.

The static pressure distributions of meridional plane of different cases are shown in
fig. 10. It can be found that the static pressure distributions at the inlet of the channel are obvi-
ously different. Relative to Case A, the low pressure ranges of the leading edges of Case B and
Case C increase, and their pressure boost positions on the leading edges move rearward, the
static pressure distributions are more uniform from the root to the top. The low pressure ranges
of Case C and Case D are smaller than Case A, the static pressure distribution uniformity be-
comes worse and the pressure increase position moves forward at the top of the blade.

N ~N I N N N
(a) (b) (c) (d) (e)

9 97 104 111 118125 13.2 139 146 153 15
MPa

Figure 10. The static pressure distributions of meridional plane; (a) Case A, (b) Case B, (c) Case C,
(d) Case D, and (e) Case E

Different gaps between diffuser and impeller

Based on the design model, varied gaps (r; — ;) are adopted to study the effect on the
performance of sCO, centrifugal compressor, as shown in fig. 11.

Table 6 shows the comparison of performance parameters of sCO, centrifugal com-
pressor with different gaps between impeller blades and diffuser blades. As can be seen from the
table, when the gap is 10 mm, the pressure ratio reaches the maximum, and the efficiency is
high. When the gap is less than 10 mm, the pressure ratio and efficiency decrease with the de-
crease of the gap. Compared with gap 10 mm, although the efficiency of gap 12 mm is increased
by 0.5%, but the pressure ratio is reduced by 1.3%, which shows that a larger gap does not neces-
sarily lead to better performance.
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Table 6. The comparison of different gaps

rosrvse AR cue [T Tt o Tt
\ lGap 4mm | 5272 1.997 0.7533
s 6mm | 5.130 2.045 0.7840
Diffuser blade 8§mm | 5.081 2.049 0.7863
10 mm | 4.986 2.074 0.7864
12mm | 4.901 2.047 0.7904

Figure 12 shows the streamline distribu-
tions of blade-to-blade plot with five different
gaps. It can be seen that when the gap is less
than 8 mm, there is a vortex near the trailing
edge of the suction side of the diffuser blade
caused by flow separation. The vortex in-
creases as the gap decreases, which greatly re-
duces the compressor performance.

On the other hand, in this paper, Mach
number is less than 1, decreasing the radial gap
size leads to a reduction in the diffuser throat
area. Thus, it will lead to an increase in the flow
velocity value and Much number at the leading
edge of the diffuser. According to the total skin friction drag force, eq. (2), an increase in fluid
velocity leads to an increment in the friction drag force, resulting in an increase in pressure drop.
Therefore, a larger tip-speed Mach number have a higher loss coefficient and a lower pressure
ratio for the compressor:

Impeller trailing
edge radius (r,)

’Diﬁuser leading
=~ edge radius (ry)

Figure 11. The impeller-diffuser geometry

u?
F:Cfpf2 Swetted (2)

where p;is the fluid density, u — the fluid velocity, S,,..q — the total surface area that is in contact
with the fluid, and C;— the Schlichting empirical formula that states turbulent flow is driven by
the equation:

__04ss 5
" log(Re)2
Vezlzcicei;%a oS oo 17756 Veg%cé% ,
7z 7z ;
16383 /) e22 [ 133.51 12217 4]
/ 8906 | 81.52

0.07

0.17 <

S ). = g _
@) ms] () (ms™] ) ms'] (e
Figure 12. Streamline distributions of B2B; (a) gap 4 mm, (b) gap 6 mm, (c) gap 8 mm,

(d) gap 10 mm, and (e) gap 12 mm
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It also can be found by increasing the gap to 10 mm, the efficiency slightly increases
but the pressure ratio significantly decreases. Because the space in the region of the diffuser
leading edge increases, leading to increment of the mixing of non-uniform flow. Therefore, too
large radial gap may have a higher loss.

Conclusions

In this paper, based on the 1-D thermal design, the design of SCO, centrifugal com-
pressor flow geometry is carried out by a three-step design process. The methods to improve the
performance are discussed by numerical calculations. Besides, the flow characteristics and com-
pressor performance under different flow geometries are analyzed, the conclusions are as fol-
lows.

e The loss of flow separation caused by Circular LE is smaller than that of Square LE, while Cir-
cular LE will also reduce the wake loss, so that the efficiency is improved. Ellipse LE will re-
duce the loss further. Ellipse LE makes the pressure ratio 10.30% higher and efficiency 3.95%
higher than Square LE.

e Ellipse TE will reduce the flow separation near the trailing edge region and increase the uni-
formity of outlet flow. The bigger elliptical axis ratio of Ellipse TE will increase the Much num-
ber of the trailing edge which leading to a higher loss coefficient, so Ellipse TE with smaller el-
liptical axis ratio is better. The elliptical trailing edge makes the efficiency at most 2% higher
than the square leading edge.

e The different leading edge sweep types can not significantly improve compression ratio, but
will reduce efficiency and increase the blade manufacturing and installation difficulty.

e The increase of gap will reduce the vortex caused by flow separation near the trailing edge of
impeller and the friction drag force. At the same time, it will also increase of the mixing of
non-uniform flow, therefore, too large radial gap may have a higher loss. The 10 mm gap
achieves the best performance in this paper while the pressure ratio is increased by 2.5% com-
pared with the original design and the efficiency is slightly improved.

Nomenclature

Cy  — the Schlichting empirical formula Greek symbols

h — enthalpy, [Jkg™'] )
Swetted — total surface area in contact with the fluid Nr-r — tota_tl-total .efﬁcwncy
u  — fluid velocity pr — fluid density
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