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Abstract: In this study, the influences of the flow cut and axial lift of the impeller on the aerodynamic
performance of a transonic centrifugal compressor were analyzed. The flow cut is a method to reduce
the flow rate by decreasing the impeller passage height. The axial lift is a method of increasing
the impeller passage height in the axial direction, which increases the impeller exit width (B2) and
increases the total pressure. A NASA CC3 transonic centrifugal compressor with a backswept angle
was used as a base compressor. After applying the flow cut, the total pressure at the target flow rate
was lower than the total pressure at the design point due to the increase in the relative velocity at the
impeller exit. After applying the axial lift, the total pressure at the design flow rate was increased,
which was caused by the reduction in the relative velocity as the passage area at the impeller exit was
increased. By applying the flow cut and axial lift methods, it was shown that the variation in relative
velocity at the impeller exit has a significant effect on the variation in total pressure. In addition,
it was found that the relative velocity at the impeller exit of the target flow rate is maintained similar
to the base impeller when the flow cut and the axial lift are combined. Therefore, by combining the
flow cut and the axial lift, three transonic centrifugal impellers with flow fractions of 0.7, 0.8, and 0.9
compared to the design flow rate were newly designed.

Keywords: transonic centrifugal compressor; backswept angle; flow cut; axial lift; relative velocity;
aerodynamic design; impeller

1. Introduction

Centrifugal compressors are used in various fields such as power generation, chemistry, and
environmental plants, and therefore compressors with varying performance (pressure and flow rate)
are required [1,2]. Designing the compressors required for each field requires the efforts and time
of engineers [3–5] and significant investments by compressor manufacturers [6,7]. Therefore, it is
desirable to design a new compressor by modifying the impeller for a compressor that has already
been designed and proven in performance. It is also necessary to design compressors as a group within
a specific flow range by combining impeller modification methods.

There are two advantages to designing the impeller as a group within a certain range. The first is
that compressors with the performance required for each field be manufactured quickly and at a low
cost, and the design success rate can be increased. This is because only the impeller is modified in
the design of compressors with different performances, so the casings, shafts, and bearings of proven
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compressors can be used. Second, all compressors can be operated stably in the operating range with a
sufficient surge margin because the impeller modification method can shift the performance curve to
match the operating range of the compressors required for each field.

The most popular impeller modification methods are the flow cut and axial trim methods [8,9].
The flow cut method reduces the flow rate by decreasing the impeller passage height. When this
method is applied, the performance curve is shifted in the direction of decreasing flow rate. The axial
trim method decreases the impeller passage height in the axial direction, which decreases impeller
exit width (B2) and the total pressure. This method is generally used to reduce the total pressure in
impellers with a backswept angle. In addition, the flow lift and axial lift methods increase the impeller
passage height, unlike the flow cut and axial trim methods. When the flow lift method is applied,
the flow rate is increased because the impeller passage height is increased, and when the axial lift is
applied, the total pressure is increased because B2 is increased. However, when the flow lift and axial
lift methods are applied to the impeller, the size and weight of the aerodynamic components of the
compressor are increased, and more power is required. Therefore, these methods are not generally
applicable because it is necessary to redesign the casings, shafts, and bearings and reselect the motor.

The impeller modification methods such as the flow cut and axial trim methods have long
been used by most centrifugal compressor manufacturers to design new compressors, and in 2001,
Rogers first introduced the flow cut method in the paper [10]. Rogers recommended that the flow
cut method should be applied only at a nondimensional specific speed (Ns) between 0.5 and 1.2.
Tim David (2006) and Donghui Zhang (2010) applied the flow cut method by up to 75% (a flow fraction
of 0.25 compared to the design flow rate of the base compressor) to the impeller of an industrial
compressor with a nondimensional specific speed (Ns) of 0.06. However, Tim David and Donghui
Zhang recommended applying only 50% of the flow cut to the impeller [11,12]. Daniel Swain (2014)
applied the flow cut and axial trim methods to different types of impellers such as a transonic impeller
with a relative Mach number between 0.8 and 1.2 at the impeller inlet tip, a closed impeller without tip
clearance, and an impeller without a splitter [13]. For most impellers, the ratio of the reduced flow rate
and the reduced passage area was not 1:1 after applying the flow cut method. Daniel Swain also noted
that applying the axial trim method increases the relative velocity at the impeller exit and reduces
the total pressure. Shin et al. (2015, 2017) designed various industrial compressors using the flow cut
and scaling methods. Shin et al. noted that the pressure at the target flow rate was different from
the pressure at the design flow rate after applying the flow cut method because the work coefficient
changed [14,15].

In previous studies, after applying the flow cut method to the impellers, the ratio of the passage
area reduction and the flow rate reduction was not 1:1. In most impellers, the performance curve was
shifted more to the left, which means that the target flow rate is shifted to near the choke and the
relative velocity is increased at the impeller exit of the target flow rate. In the centrifugal impeller with
a backswept angle, an increased relative velocity at the impeller exit causes a reduction of the total
pressure [16,17]. The reason for this reduction is that the increased relative velocity reduces the angle of
the absolute velocity (Meridional angle convention). This reduction means that the tangential velocity
is reduced and the work coefficient is reduced, which results in a reduction in the total pressure [18,19].
Therefore, the relative velocity at the impeller exit must be maintained at the level of the impeller of
the base compressor to design an impeller for which the total pressure at the target flow rate is similar
to the total pressure at the design flow rate.

Designing an impeller for which the total pressure at the target flow rate is similar to the total
pressure at the design flow rate is not easy using the impeller modification method with only a flow
cut applied. The reason is that it is very difficult to establish a 1:1 match between the reduced passage
area and the reduced flow rate. However, if the axial lift method is used in combination with the flow
cut method, this problem can be solved because after the flow cut is applied, the reduced total pressure
at the target flow rate can be increased to a total pressure that is similar to the design flow rate by
applying the axial lift method.
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The main objectives in this study are to analyze the influences of the flow cut and axial lift of
the impeller on the aerodynamic performance of a transonic centrifugal compressor and to design
transonic impellers by combining these methods. A NASA CC3 transonic centrifugal impeller with a
backswept angle of −50◦ (Meridional angle convention) is selected to carry out this study, as shown
in Figure 1a. The flow cut, axial lift, and combined flow cut and axial lift methods are applied to the
impeller, as shown in Figure 1b–d. Three-dimensional, compressible, steady Navier–Stokes equations
were solved to investigate the aerodynamic performance of each impeller.
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Figure 1. A base impeller and three impeller modification methods. (a) Base impeller; (b) flow cut;
(c) axial lift; (d) combination of flow cut and axial lift method.

2. Numerical Method

2.1. Compressor Model

To carry out this study, the NASA CC3 transonic centrifugal compressor developed by NASA
Glenn Research Center was used as a base compressor [20]. This compressor consists of an inlet,
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an impeller, and a vaneless diffuser. The impeller of the base compressor has a backswept angle of
−50◦ degrees (Meridional angle convention). The total-to-total pressure ratio was approximately 4.17
at the design mass flow rate (4.54 kg/s), and the relative Mach number was approximately 0.85 at the
impeller inlet tip of the design point. The impeller consists of 15 main blades and 15 splitter blades.
Details about the impeller radius, rotational speed, and non-dimensional specific speed (Ns) are shown
in Table 1. The AxCent aerodynamic design software developed by Concepts NREC was used in the
study. The 3D shape of the impeller shown in Figure 2 was made by using this software. The inlet
was made of a bell-mouth type, and the vaneless diffuser was made sufficiently longer than the data
measuring position (R3 = 255 mm) on the impeller exit.

Table 1. The specifications of the NASA CC3 compressor with a vaneless diffuser.

Specifications

Exit rating station (R3/R2)(Measuring position/Impeller exit radius) 1.18
Impeller main blade/splitter blade 15 / 15

Design speed 21,789 RPM
Design flow rate 4.54 kg/s

Tip speed at impeller exit (U2) 492 m/s
Hub radius at impeller inlet (R1h) 41.4 mm

Shroud radius at impeller inlet (R1s) 105 mm
Blade width at impeller exit (B2) 17 mm

Radius at impeller exit (R2) 215.5 mm
Impeller backswept angle (β2b) 50◦

Impeller axial length 132.25 mm
Nondimensional specific speed (Ns) ~ 0.57
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Figure 2. The modeling of the NASA CC3 centrifugal compressor using the AxCent design software.

2.2. Computational Grid and Validation

The computational domain was selected as a single passage, as shown in Figure 3. The multi-block
hexahedral structured grid was used to carry out CFD simulation, and the ANSYS Turbo Grid (19.3,
ANSYS, Canonsburg, PA, USA) was used to generate the mesh, as shown in Figure 3a. The number of
grid points for the streamwise, spanwise, and pitchwise directions were 249, 47, and 28, respectively.
Thirty grid points were used in the tip clearance to preserve the tip leakage flow accurately. Twenty-one
O-grid points were used around the main blade and splitter blade surfaces. To use the SST turbulence
model, Y+ was set to almost 2 or less, as shown in Figure 3b [21]. Because the pitch ratio between
the rotating and stationary frames was 1, the frozen rotor interface was used. The inlet boundary
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conditions are the total pressure and the total temperature. The outlet boundary conditions are the
mass flow rate and the average static pressure, as shown in Figure 3c. First, the performance curves
were obtained by applying the exit average static pressure conditions, and finally, the performance
curves were obtained by applying the exit mass flow rate condition at the design point and near the
surge. When the exit mass flow rate was applied at the design point and near the surge, the initial
value was used as the result closest to the target point among the results calculated by the exit average
pressure conditions. The reason is that the calculation using the mass flow condition takes a long time
to converge. Turbulence intensity was set to 5% at the inlet and the length of the inlet domain was
extended long enough to reduce the effects of boundary condition on the flow field. In addition, the tip
clearance of the impeller was set to 0.2 mm. In relation to the impellers designed using flow cut and
axial lift, the grid and boundary condition were set in the same method as the base impeller.
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The grid independence study is shown in Figure 4a,b, and the total-to-total pressure ratio and
the total-to-total isentropic efficiency are compared. As a result, the relative error decreased from
more than 2.4 million grids to less than 0.1%. Thus, approximately 2.8 million grids were selected
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for this study, taking into account some margin. To predict the performance of the impeller, the 3D
Steady Reynolds-Averaged Navier–Stokes equations were solved using ANSYS CFX software (19.3,
ANSYS, Canonsburg, PA, USA). The SST turbulence model was used as the turbulence model, and the
CFD results of the impeller of the base compressor were compared with the experimental data to
validate the analytical method of this study [22]. The performance curves are shown in Figure 5a,b.
The total-to-total pressure ratio is in good agreement with the experimental results. For the total-to-total
efficiency, the CFD results were predicted to be approximately 1.5%–2% higher than the experimental
results. Because the CFD was calculated for adiabatic conditions, the CFD efficiency value was slightly
higher than the experimental value.

Energies 2019, 12, x FOR PEER REVIEW 6 of 18 

 

the CFD results of the impeller of the base compressor were compared with the experimental data to 145 
validate the analytical method of this study [22]. The performance curves are shown in Figure 5a,b. 146 
The total-to-total pressure ratio is in good agreement with the experimental results. For the total-to-147 
total efficiency, the CFD results were predicted to be approximately 1.5%–2% higher than the 148 
experimental results. Because the CFD was calculated for adiabatic conditions, the CFD efficiency 149 
value was slightly higher than the experimental value. 150 

  

(a) (b) 

Figure 4. Grid independency test of the base compressor. (a) Total-to-total pressure ratio; (b) total-to-151 
total efficiency. 152 

  

(a) (b) 

Figure 5. Comparison of the predicted results and the experimental data for validation. (a) Total-to-153 
total pressure ratio; (b) total-to-total efficiency. 154 

3. Numerical Results 155 

3.1. Flow Cut 156 

The flow cut method reduces the flow rate by decreasing the impeller passage height, as shown 157 
in Figure 1b. When this method is applied, the performance curve is shifted to the left (in the direction 158 
of decreasing flow rate) because the passage area is reduced. Thus, this method is used to design 159 
compressors with different performances by reducing the flow rate. In this study, the passage area 160 
inside the impeller was calculated using the annulus area. The annulus area is calculated using the 161 
quasi-orthogonal (QO) lines, as shown in Figure 6. The following Equations (1)–(2) are used to 162 
calculate the annulus area. 163 

Figure 4. Grid independency test of the base compressor. (a) Total-to-total pressure ratio;
(b) total-to-total efficiency.

Energies 2019, 12, x FOR PEER REVIEW 6 of 18 

 

the CFD results of the impeller of the base compressor were compared with the experimental data to 145 
validate the analytical method of this study [22]. The performance curves are shown in Figure 5a,b. 146 
The total-to-total pressure ratio is in good agreement with the experimental results. For the total-to-147 
total efficiency, the CFD results were predicted to be approximately 1.5%–2% higher than the 148 
experimental results. Because the CFD was calculated for adiabatic conditions, the CFD efficiency 149 
value was slightly higher than the experimental value. 150 

  

(a) (b) 

Figure 4. Grid independency test of the base compressor. (a) Total-to-total pressure ratio; (b) total-to-151 
total efficiency. 152 

  

(a) (b) 

Figure 5. Comparison of the predicted results and the experimental data for validation. (a) Total-to-153 
total pressure ratio; (b) total-to-total efficiency. 154 

3. Numerical Results 155 

3.1. Flow Cut 156 

The flow cut method reduces the flow rate by decreasing the impeller passage height, as shown 157 
in Figure 1b. When this method is applied, the performance curve is shifted to the left (in the direction 158 
of decreasing flow rate) because the passage area is reduced. Thus, this method is used to design 159 
compressors with different performances by reducing the flow rate. In this study, the passage area 160 
inside the impeller was calculated using the annulus area. The annulus area is calculated using the 161 
quasi-orthogonal (QO) lines, as shown in Figure 6. The following Equations (1)–(2) are used to 162 
calculate the annulus area. 163 

Figure 5. Comparison of the predicted results and the experimental data for validation. (a) Total-to-total
pressure ratio; (b) total-to-total efficiency.

3. Numerical Results

3.1. Flow Cut

The flow cut method reduces the flow rate by decreasing the impeller passage height, as shown in
Figure 1b. When this method is applied, the performance curve is shifted to the left (in the direction
of decreasing flow rate) because the passage area is reduced. Thus, this method is used to design
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compressors with different performances by reducing the flow rate. In this study, the passage area
inside the impeller was calculated using the annulus area. The annulus area is calculated using the
quasi-orthogonal (QO) lines, as shown in Figure 6. The following Equations (1)–(2) are used to calculate
the annulus area.

tan
(
αe f f
)
= (1− η)× tan(αh)+η× tan(αs) (1)

Annulus area = π×QOlength × (Rh+Rs)× cos
(
αe f f
)

(2)

where, αh and, αs are the angles at which the QO line meets the hub and shroud lines, respectively,
and are used to calculate the effective angles (αe f f ). The effective angle, which is calculated using
Equation (1), is the angle of the root mean square (RMS) located between the hub and shroud lines.
Finally, the annulus area is calculated by substituting the effective angles, the radius of the hub (Rh),
the radius of the shroud (Rs), and the QO line (QOlength) into Equation (2).
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To continuously design impellers with different performances by reducing the flow rate,
three impellers (FC10, FC20, FC30) corresponding to flow fractions of 0.9, 0.8, and 0.7 compared to the
design flow rate were designed, as shown in Figure 7a. Table 2 shows the impeller inlet shroud radius
(R1s), the impeller exit width (B2), and the annulus area at the impeller inlet and exit. In addition,
the annulus area inside the impeller is shown as Meridional (%), as shown in Figure 7b, and the
annulus area is decreased in proportion to the flow cut percentage.
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Figure 7. Aerodynamic design of FC10, 20, and 30 models corresponding to fractions of 0.9, 0.8,
and 0.7 of the annulus area of the base compressor using the flow cut method. (a) Meridional view;
(b) decreased annulus area with respect to the flow cut method.

Table 2. The blade height and annulus area at the impeller inlet and exit (flow cut).

-
Impeller Inlet Impeller Exit

R1s (mm)
Annulus Area

B2 (mm)
Annulus Area

Area (m2)
Decreased

Ratio Area (m2)
Decreased

Ratio

Base 105.00 0.02906 - 17.0 0.02300 -
FC 10 100.43 0.02615 0.9 15.3 0.02070 0.9
FC 20 95.67 0.02324 0.8 13.6 0.01840 0.8
FC 30 90.70 0.02033 0.7 11.9 0.01610 0.7

The performance curves of the FC 10, 20, and 30 are predicted, as shown in Figure 8. The flow
rate equal to the total pressure of the design flow rate was smaller than the target flow rate, and the
total pressure at the target flow rate was less than the total pressure at the design flow rate. This result
shows that the decrease in the flow rate was more than the decrease in the passage area.
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Figure 8. Reduced total pressure at the target flow rate after applying the flow cut method.

3.2. Axial Lift

The axial lift method increases the impeller passage height in the axial direction, as shown in
Figure 1c, which increases B2 and the total pressure. When B2 is increased, the passage area at the
impeller exit increases, and the relative velocity (W2) decreases. Because the blade speed at the impeller
exit (U2) is constant, tangential velocity (Cθ2) increases. As a result, the work coefficient is increased
and the total pressure is increased.

To analyze the influence of the axial lift, B2 was set to 18 mm (AL-1) and 19 mm (AL-2) and
increased by 1 mm and 2 mm from the base impeller, as shown in Figure 9a. Table 3 shows the impeller
inlet shroud radius (R1s), the impeller exit width (B2), and the annulus area at the impeller inlet and
exit. In addition, the annulus area inside the impeller is shown in Meridional (%), which can be seen to
increase proportionally with respect to the axial lift, as shown in Figure 9b.
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Figure 9. Aerodynamic design of AL-1 and AL-2 with the B2 value increased by 1 mm and 2 mm over
the B2 value of the base impeller using the axial lift method. (a) Meridional view; (b) increased annulus
area with respect to the axial lift method.

Table 3. The blade height and annulus area at the impeller inlet and exit (axial lift).

-
Impeller Inlet Impeller Exit

R1s (mm)
Annulus Area

B2 (mm)
Annulus Area

Area (m2)
Increased

Ratio Area (m2)
Increased

Ratio

Base 105.00 0.02906 - 17.0 0.02300 -
AL 1 105.00 0.02906 1.0 18.0 0.02436 1.06
AL 2 105.00 0.02906 1.0 19.0 0.02571 1.12

The performance curves of AL-1 and AL-2 are predicted, as shown in Figure 10. After the axial
lift was applied, there was no significant change in the choking flow rate because there is no change in
the passage area at the impeller inlet. However, the total-to-total pressure ratio increased at all flow
rates except the choking flow rate. At the design flow rate, the total-to-total pressure ratio increased by
approximately 3% as B2 increased by 1 mm.
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Figure 10. Increased total pressure at the target flow rate after applying the axial lift method.

3.3. Combination of Flow Cut and Axial Lift

The combined flow cut and axial lift method, which uses the flow cut and axial lift methods
together, is proposed in this study to increase the reduced total pressure to the design flow rate after
the flow cut is applied, as shown in Figure 1d. In particular, this method can be used for centrifugal
impellers with a backswept angle such as the base impeller of this study. If only the axial lift method is
applied to the centrifugal compressor, components such as the shafts, gears, and bearings of the base
compressor may not be used due to the increase in the weight of the aerodynamic parts. However, if the
axial lift method is applied after applying the flow cut method, as shown in Figure 1d, the components
of the base compressor can be used because the weight of the aerodynamic parts is not increased
compared with the weight of the base compressor.

When the axial lift method is applied after applying the flow cut method, B2 was increased,
as shown in Table 4. This reduces the relative velocity at the impeller exit and increases the total
pressure. The impellers for which a combination of the flow cut and axial lift methods were used are
represented in the order of 1, 2, and 3. The B2 values of FC 10, 20, and 30 were 15.3 mm, 13.6 mm,
and 11.9 mm, respectively. When applying the combined flow cut and axial lift method, the B2 value
was increased by approximately 2%, as shown in Table 4. After applying the combined flow cut and
axial lift method, the modified annulus area inside the impeller is shown in Figure 11.
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Table 4. The variation of B2 with respect to the combined flow cut and axial lift method.

R1s (mm) B2

Width (mm) Increased Percentage (%)

FC10
100.43

15.3 -
FC10-1 15.6 ~ 2%
FC10-2 15.9 ~ 4%

FC20

95.67

13.6 -
FC20-1 13.9 ~ 2%
FC20-2 14.1 ~ 4%
FC20-3 14.4 ~ 6%
FC20-4 14.7 ~ 8%
FC20-5 14.9 ~ 9.5%

FC30

90.70

11.9 -
FC30-1 12.1 ~ 2%
FC30-2 12.4 ~ 4%
FC30-3 12.6 ~ 6%
FC30-4 12.9 ~ 8%
FC30-5 13.1 ~ 10%
FC30-6 13.3 ~ 12%
FC30-7 13.6 ~ 14%
FC30-8 13.8 ~ 16%
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Figure 11. Increased annulus area in the impeller by using the combined flow cut and axial lift method.
(a) Base, FC 10, and FC 20; (b) base and FC 30.

Figure 12 shows the CFD results at the target flow rate after applying the combined flow cut and
axial lift method. The total-to-total pressure ratio was constantly increased by increasing B2, as shown
in Figure 12b, and the impellers with a total-to-total pressure ratio that was approximately the same as
that of the base impeller were FC10-2, FC20-5, and FC30-8. Figure 13 shows the performance curves
of FC10-2, FC20-5, and FC30-8 using the combined flow cut and axial lift method. The total-to-total
pressure ratio at the target flow rate is almost the same as the total-to-total pressure ratio at the design
point of the base impeller.
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Figure 12. Increased total-to-total pressure at the target flow rate with respect to the combined flow cut
and axial lift method. (a) Total-to-total pressure ratio versus mass flow rate (kg/s); (b) total-to-total
pressure ratio versus B2.
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4. Discussion

4.1. Characteristic of Base Impeller

Figure 14 shows the flow fields at five operating points in the performance curve: Near choke,
between near choke and design point, design point, between design point and near surge, and near
surge. Figure 14a shows the relative Mach number at the 50% blade-to-blade position. The relative
Mach number of the impeller inlet tip is approximately 0.8 to 0.85 at the design point and approximately
1.1 to 1.2 near the choke, which means that the base impeller shows the general characteristics of
a transonic compressor with a relative Mach number between 0.8 and 1.2 at the impeller inlet tip.
In addition, Figure 14b shows the flow fields at 80% span from point 1 to point 5, and it can be seen
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that the total-to-total pressure ratio decreases sharply when the shock wave occurs between point 1
and point 2. At point 5, a flow blockage occurred on the suction surface of the main blade and on the
pressure surface of the splitter blade, and as a result, the total pressure decreases from point 4 to point
5. In this impeller, shock waves are generated only near the choke, not between the design point and
near the surge. Therefore, the transonic centrifugal compressor used in this study is a compressor that
is very useful for industrial applications if it can be controlled properly within this operating range so
that shock waves are not generated.
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4.2. Correlation of Velocity and Total Pressure at Impeller Exit

To analyze the correlation between the velocity and the total pressure at the impeller exit, relative
velocity, tangential velocity (Cθ), meridional velocity (Cm), and total pressure were analyzed.

4.2.1. Relative Velocity

Figure 15 shows the variation of relative velocity at the impeller exit with respect to the flow cut.
After the flow cut was applied, the relative velocity at the impeller exit was increased; as the flow cut
percentage increased, the relative velocity increased even more.
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In the centrifugal impeller with a backswept angle, increasing the relative velocity at the impeller
exit causes a problem. Because the increased relative velocity reduces the angle of the velocity
(Meridional angle convention), as shown in Figure 16a, the tangential velocity is reduced, as shown in
Figure 16b. Eventually, the work coefficient is reduced based on Equation (3).

work coefficient = Cθ2/U2 (3)

where Cθ2 and U2 are the tangential velocity and the blade speed at the impeller exit, respectively. The
head decreases when the work coefficient is reduced, and the total pressure is reduced.Energies 2019, 12, x FOR PEER REVIEW 14 of 18 
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In Figure 17, as axial lift was applied, B2 was increased and relative velocity was decreased.
In Figure 18, the relative velocity of FC10, FC20, and FC30 were higher than that of base impeller at
the impeller exit, while the relative velocity of FC10-2, FC20-5, and FC30-8 were similar to that of
base impeller.
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4.2.2. Tangential/meridional Velocities at the Impeller Exit

Figure 19a shows the tangential velocity (Cθ) at the trailing edge of the impeller. When the flow
cut was applied, the tangential velocity was reduced due to the higher relative velocity at the impeller
exit. However, by applying the axial lift after the flow cut, the tangential velocity was increased to the
similar level as the base.

Figure 19b shows the meridional velocity (Cm) at the trailing edge of the impeller. The meridional
velocity was increased after applying the flow cut because the relative velocity was also increased
at the impeller exit. However, when axial lift was used after the flow cut, the meridional velocity
was decreased. Therefore, it is confirmed that the flow phenomenon at the impeller exit could be
maintained similar to that of the base impeller, when the flow cut and axial lift are applied together.
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4.2.3. Total Pressure at Impeller Exit

Figure 20 shows the total pressure at the trailing edge of the impeller. Applying the flow cut
showed that the total pressure is decreased at the impeller exit. However, when axial lift was combined
with the flow cut, the total pressure was increased to the similar value as that of the base.
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Increasing the relative velocity after applying the flow cut reduced the tangential velocity,
which results in total pressure reduction. However, as the axial lift was applied after the flow cut,
the tangential velocity and total pressure were increased to those of the base level. Therefore, it was
proved that the relative velocity at the impeller exit should be kept almost constant compared to
reference impeller for designing a new impeller by the impeller modification methods.

5. Conclusions

In this study, the influences of the flow cut and axial lift of the impeller on the aerodynamic
performance of a transonic centrifugal compressor were analyzed, and three transonic centrifugal
impellers with flow fractions of 0.7, 0.8, and 0.9 compared to the design flow rate were newly designed
by applying the combined flow cut and axial lift methods.
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• The NASA CC3 transonic centrifugal compressor with a backswept angle of −50◦ was used as the
base compressor to carry out the study. The aerodynamic performance of the impeller of the base
compressor was analyzed. There was a strong shock wave at the impeller inlet tip near the choke;
however, in the range of the design point to the surge, no shock wave was observed. Therefore,
the high-pressure transonic centrifugal impeller used in this study will be useful for industrial
applications when they operate properly within the operating range without shock waves.

• To analyze the influence of the flow cut method, the target flow rate of the flow cut was set at flow
fractions of 0.7, 0.8, and 0.9 compared to the design flow rate. After applying the flow cut, the total
pressure at the target flow rate was lower than the total pressure at the design point due to the
increase in the relative velocity at the impeller exit. In the centrifugal impeller with a backswept
angle, the increased relative velocity reduces the angle of the absolute velocity (Meridional angle
convention), which results in a reduction of the tangential velocity and the work coefficient.

• To analyze the influence of the axial lift, the B2 value was increased by 1 mm and 2 mm compared
to the value of the base impeller. After applying the axial lift method, the total pressure at the
design flow rate was increased due to the decrease in the relative velocity caused by increasing
the passage area at the impeller exit.

• Applying the flow cut and axial lift methods showed that the variation in the relative velocity
at the impeller exit has a significant effect on the variation of the total pressure. In addition,
it was found that the relative velocity at the impeller exit of the target flow rate is similar to that
of the base impeller when the flow cut and axial lift methods are applied together. Therefore,
by combining these methods, three transonic centrifugal impellers with flow fractions of 0.7, 0.8,
and 0.9 compared to the design flow rate were newly designed. These conclusions are expected to
be guidelines to design impellers within a specific flow range by applying impeller modification
methods to transonic centrifugal impellers with a backswept angle.
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Nomenclature

AL Axial lift
B Blade height
C Absolute velocity
CFD Computational fluid dynamics
Efftt Total-to-total efficiency
FC Flow cut
M Mach number
Ns Nondimensional specific speed
PR Pressure ratio
PRtt Total-to-total pressure ratio
R Blade radius
RMS Root mean square
QO Quasi-orthogonal
U Blade speed
W Relative velocity
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Mathematical Symbols

αe f f Angle between QO lines and RMS contour
αh Angle between QO lines and hub contour
αs Angle between QO lines and shroud contour
β2b Backswept angle
η Fraction between the shroud and RMS contour

Subscripts

1 Impeller inlet
2 Impeller exit
3 Measuring position
b Blade
h Hub
s Shroud
t Tip
m Meridional direction
θ Tangential direction
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