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Abstract: The development of the aircraft industry seeks an increase in compressor loading, bringing
unique flow phenomena and design problems; thus, insights into the ultrahigh loaded compressor
are in great need. To reveal the loss characteristics of the ultrahigh loaded subsonic axial compressors,
four well comparable compressor stages are carefully designed with the loading coefficient varying
from 0.41 to 0.65. A novel flow-based loss decomposition method is performed to investigate the
variation of different kinds of losses (including blade profile loss, tip leakage loss, casing endwall loss,
and hub endwall loss) with the change in compressor loading level and operating condition. Results
show that the blade profile loss always occupies the largest part of the total loss. In rotor passages,
the percentage of the blade profile loss at the design point is increased from 69% to 76% with the
increase in the compressor loading. Meanwhile, the proportion of the tip leakage loss decreases as the
loading increases. For a specific compressor stage, the total loss of the rotor passage tends to increase
with the increase in stage pressure rise coefficient along the operation line, whereas the proportion of
the blade profile loss is squeezed by the tip leakage loss. As for stator passages, the proportion of
blade profile loss to the total passage loss is nearly constant along the compressor operating line, but
increases from 79% to 90% with the increase in the compressor loading level. By correlating the losses
with blade solidity, it was found that the increase in flow losses in the highly loaded compressor, i.e.,
the decrease in efficiency, stems mainly from the high blade solidity.

Keywords: loss decomposition; tip leakage loss; blade profile loss; endwall loss; ultrahigh loaded
compressor

1. Introduction

A high thrust–weight ratio and low oil consumption remain the pursuit of modern
aero-engine. To meet this demand, the stage loading of the compressor is increasing
continuously; the total pressure ratio of the advanced high-pressure compressor stage is
now over 1.5, with the stage loading reaching 0.35 and even above [1]. As a result, the
compressor design philosophy evolves with the increase in the stage loading, with which
new design concepts are proposed, and unique flow characteristics are emerging.

The trend toward a low aspect ratio has long been the consensus among compressor
designers [2–4]. For now, almost all multistage compressors adopt a low aspect ratio (~1.0)
in their rear stages, whereas the lack of operation range and efficiency are the main restric-
tions to the increment of compressor loading. Challenged by the intensification of radial
mixing and boundary layer interaction at low aspect ratios, highly loaded compressors
employ advanced blade profiles [5,6] and three-dimensional blading techniques [7–9], mak-
ing the loss characteristics different from conventional designs. Currently, the design of
compressors still relies largely on low-dimensional methods (1D mean-line and 2D through-
flow methods), while the loss model is one of the kernel parts of the low-dimensional
programs [10–12]. Therefore, the accurate estimation of the flow loss is indispensable for
the design and optimization of the highly loaded compressor.
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According to the well-established compressor loss analysis by Koch [13], the total
loss in axial-flow compressors constitutes blade profile loss, shock loss, endwall loss, and
part-span shroud loss. One of the most prevalent methodologies is to divide the blade
channel into various regions and integrate the loss directly to distinguish different kinds of
flow loss [14,15]. Corresponding investigations imply that the endwall loss contributes up
to 30–60% of total loss in the compressor blade passages [16,17]. Denton [18] pointed out
that the endwall loss mentioned above is essentially the combination of loss from different
sources (blade profile loss, leakage loss, annular boundary layer loss, etc.), and complete
separation is often difficult. Furthermore, the interaction of endwall boundary layers under
a low aspect ratio is also an obstacle to thorough loss decomposition. Satio et al. [19] broke
down the loss in a transonic compressor by integrating the entropy production in terms of
different flow phenomena and found the dominant role of the blade profile loss, while the
influence of the shock/boundary was also addressed. Recently, a novel loss decomposition
method [20] defined a “freestream flow” to separate the blade profile loss from the endwall
region, through which physically accurate decomposition could be realized for aspect ratios
as low as 0.5.

So far, although extensive work concerning compressor loss has been conducted,
what is less clear is the loss characteristic in ultrahigh loaded compressors, which is just
what the present work intends to clarify. The remainder of this paper is organized as
follows: the investigation method and its validation are first introduced in Section 2. Then,
a detailed description of the research object, as well as the data processing method, is given
in Section 3. Section 4 discusses the loss characteristics of the ultrahigh loaded compressor,
followed by a summary of the whole work in Section 5.

2. Numerical Methodology and Validation

To obtain detailed and abundant flow data for analysis, the present study employed a
numerical simulation as the investigation method. To ensure the reliability of the numerical
results, experimental research was performed, providing validation of the numerical method.

2.1. Research Object

As shown in Table 1, the present study covered four compressor stages with the
loading coefficients varying from 0.41 to 0.65 (based on rotor midspan rotating velocity).
The compressor stages are representative of the aft stage of the high-pressure compressor
and were designed following the same style to ensure comparability. In other words, the
other design parameters of the four compressor stages were kept identical. A detailed
comparison of these compressors is presented later in this paper.

Table 1. Design parameters for different compressor stages.

Stage 1 Stage 2 Stage 3 Stage 4

Loading coefficient ψ (-) 0.41 0.47 0.55 0.65
Pressure rise coefficient Cp (-) 0.71 0.83 0.97 1.09

Stage efficiency (rotor + stator) η (-) 0.86 0.86 0.84 0.82
Flow coefficient ϕ (-) 0.56

Tip diameter (m) 0.25
Hub-to-tip ratio (-) 0.85

Rotating speed n (rpm) 2400

2.2. Calculation Settings

As shown in Figure 1, the compressor stage contained a row of inlet guide vanes
(IGVs) in the upstream of the rotor, providing the inlet condition representative of the
multistage compressor. The tip clearance of the rotor blade was 1.5% of the total blade
height, and the inlet and outlet of the computation domain were located 2.0 and 2.5 times
of the blade chord, respectively. NUMECA Autogrid5 was employed to generate the
structured simulation grids, where the blades adopted the O-topology, the inlet and outlet
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regions took the H-topology, and the tip clearance was meshed under the butterfly topology.
The grid was clustered at the near-wall region to satisfy the requirements of the turbulent
model, as the y+ of the first grid off wall was below 1.0.
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Figure 1. Geometry configuration and mesh for the compressor stage (ψ = 0.41).

The numerical simulation was performed on the commercial software Ansys CFX. The
steady simulation considered one blade channel with atmospheric condition (101,325 Pa,
288.15 K) imposed at the domain inlet, with the mass flow rate given at the outlet. The
simulation fluid was ideal air which follows the ideal gas state equation (p = ρRT). Rotational
periodic conditions were applied to the side walls, whereas the solid walls were defined as
the adiabatic non-slip wall. Additionally, the interface between the rotor and the stator was
modeled as mixing plane. To obtain a better prediction of flow transition and separation
in the adverse pressure gradient, the calculation used the SST turbulent model with the
gamma–theta transition model activated. For each simulation, the convergence criterion
was established when normalized RMS residuals were lower than 1 × 10−6.

To determine the appropriate grid resolution, a mesh independence study was per-
formed on the ψ = 0.41 stage. As shown in Table 2, six different mesh resolutions were
investigated, with the number of rotor grids varying from 0.43 million to 2.53 million,
whereas that of the stator blade varied between 0.34 million and 1.89 million. The IGV
(which aims only to create the rotor inlet condition) employed a relatively coarse mesh to
save the calculation resources.

Table 2. Grid parameters for the grid independence study.

IGV Grid
(×106)

Rotor Grid
(×106)

Spanwise Grid in the
Rotor Shroud Gap

Stator Grid
(×106)

Mesh 1

0.85

0.43 13 0.34
Mesh 2 0.84 21 0.60
Mesh 3 1.14 29 0.76
Mesh 4 1.51 37 1.00
Mesh 5 1.96 41 1.49
Mesh 6 2.53 41 1.89

The simulation results are presented in Figure 2, where both the design condition and
the near-stall condition were considered. Results show that the aerodynamic performance
of the compressor stage converged with the increase in the mesh resolution, and the
discrepancy between Mesh 4 and Mesh 6 was below 1%. After comprehensive consideration
of calculation accuracy and efficiency, Mesh 5 was adopted for the present study, which is
rational according to the other studies [21–23].
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Figure 2. Comparison of stage characteristic for different grid schemes: (a) design point; (b) near-
stall point.

2.3. Validation with the Experimental Results

To further validate the numerical method, an experiment was conducted on the
ψ = 0.41 stage using the multifunctional vertical axial compressor test facility at Beihang
University. As shown in Figure 3, all three blade rows were fabricated using the 3D printing
technique with nylon material.

Energies 2022, 15, 6251 4 of 21 
 

 

The simulation results are presented in Figure 2, where both the design condition 

and the near-stall condition were considered. Results show that the aerodynamic perfor-

mance of the compressor stage converged with the increase in the mesh resolution, and 

the discrepancy between Mesh 4 and Mesh 6 was below 1%. After comprehensive consid-

eration of calculation accuracy and efficiency, Mesh 5 was adopted for the present study, 

which is rational according to the other studies [21–23]. 

  
(a) (b)  

Figure 2. Comparison of stage characteristic for different grid schemes: (a) design point; (b) near-

stall point. 

2.3. Validation with the Experimental Results 

To further validate the numerical method, an experiment was conducted on the ψ = 

0.41 stage using the multifunctional vertical axial compressor test facility at Beihang Uni-

versity. As shown in Figure 3, all three blade rows were fabricated using the 3D printing 

technique with nylon material. 

 

Figure 3. The experimental rig: (a) multifunctional vertical axial compressor test facility; (b) meas-

urement planes; (c) 3D-printed blade; (d) the L-shaped five-hole probe. 

The locations of the five-hole pneumatic probes and static pressure taps of the com-

pressor facility are illustrated in Figure 3b, as indicated by Plane 0 to Plane 3. Plane 0 and 

Plane 1 were located 20% chord upstream of the IGV and the rotor, while Planes 2 and 3 

are located 10% chord downstream of the rotor and stator blade, respectively. At Plane 0, 

six circumferential static pressure taps mounted uniformly across the casing were used to 

measure the mass flow rate. Meanwhile, the uniformity of the inlet flow was checked us-

ing a five-hole probe at three different circumferential positions. 

For all of the pressure and pneumatic probe measurements, a series of Rosemount 

3051S pressure transducers with an accuracy of 0.05% FS were used. As shown in Figure 

3d, the five-hole probe used in the experiment was an L-shaped probe with a 90° cone 

head followed by a 2 mm diameter cylinder. The details of the five-hole calibration pro-

cedure, the measurement accuracy analysis, and the data-processing procedure can be 

1.0 2.0 3.0 4.0 5.0 6.0
0.97

0.98

0.99

1.00

1.01

C
p
/C

p
re

f

Total mesh (×106)

0.97

0.98

0.99

1.00

1.01

h
/h

re
f

1.0 2.0 3.0 4.0 5.0 6.0
0.97

0.98

0.99

1.00

1.01

C
p
/C

p
re

f

Total mesh (×106)

0.97

0.98

0.99

1.00

1.01

h
/h

re
f

Figure 3. The experimental rig: (a) multifunctional vertical axial compressor test facility; (b) measure-
ment planes; (c) 3D-printed blade; (d) the L-shaped five-hole probe.

The locations of the five-hole pneumatic probes and static pressure taps of the com-
pressor facility are illustrated in Figure 3b, as indicated by Plane 0 to Plane 3. Plane 0 and
Plane 1 were located 20% chord upstream of the IGV and the rotor, while Planes 2 and 3
are located 10% chord downstream of the rotor and stator blade, respectively. At Plane 0,
six circumferential static pressure taps mounted uniformly across the casing were used to
measure the mass flow rate. Meanwhile, the uniformity of the inlet flow was checked using
a five-hole probe at three different circumferential positions.

For all of the pressure and pneumatic probe measurements, a series of Rosemount
3051S pressure transducers with an accuracy of 0.05% FS were used. As shown in Figure 3d,
the five-hole probe used in the experiment was an L-shaped probe with a 90◦ cone head
followed by a 2 mm diameter cylinder. The details of the five-hole calibration procedure,
the measurement accuracy analysis, and the data-processing procedure can be found in the
authors’ previous work [24]. As shown in Figure 4, the 3D velocity and pressure profiles
at Planes 1–3 were measured with the five-hole probe, and the measurement points in the
circumferential direction at the outlet of the stator passage were increased to distinguish
the highly twisted wake flow. The measurement uncertainties of the flow angles, total
pressure, and velocity were under 1%, 0.8%, and 2.0%, respectively [24,25].
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Figure 4. The arrangement of measurement points at the rotor and stator outlet.

The efficiency of the compressor was calculated using Equation (1) with the measured
torque and rotating speed, where M denotes the torque, n is the rotating speed, and m0 and
T∗0 are the mass flow rate and the total temperature at the compressor inlet (Plane 0), respec-
tively. The compressor pressure ratio, π, was determined on the basis of the measurement
results of casing static taps and five-hole probe at Plane 3.

η = 9.549
kR

k− 1
m0T∗0 (π

(k−1)/k − 1)
Mn

. (1)

The static pressure rise coefficient of the compressor stage was calculated on the basis
of the rotor midspan dynamic velocity head and the casing static pressure measured at
Plane 1 and Plane 3, as shown in Equation (2). Note that p, ρ, and Umid denote the static
pressure, density and midspan velocity, respectively.

Cp =
p3 − p1

0.5ρU2
mid

. (2)

The comparison of stage characteristics between numerical and experimental results
is shown in Figure 5. Generally, the simulated pressure-rise and efficiency characteristics
were in good agreement with the experimental results. Although the simulated static
pressure rise coefficient was about 2% lower than the experiment results at large mass flow
rate conditions, the current simulation error did not influence the comparison of stage
characteristic and loss decomposition results between different compressor stages.
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Figure 5. Comparison of stage characteristics between the experiment and numerical simulation.

The distribution of pitch-averaged flow angle at the outlets of the rotor and stator
(Figure 3, Planes 2 and 3) is given in Figure 6. The flow coefficient ranged from 0.48 to 0.62.
According to Figure 6a, the error of flow angle at the rotor midspan was smaller than 0.5◦

along the characteristic line, whereas the maximum disparity reached 7.1◦ in the vicinity
of the casing endwall (φ = 0.48 case). Moreover, the discrepancy of the numerical and
experimental results at the casing region of the stator blade was smaller than that of the
rotor; the peak discrepancy was 4.4◦ at small mass flow rates (i.e., the near-stall condition),
yet the distributions still exhibited similar patterns. The overestimation of the deviation
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flow angle of the stator near the casing region was probably caused by the overestimation
of flow loss at the rotor tip region, as shown in Figure 7.
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Figure 6. Comparison of rotor and stator flow angle between the experiment and numerical simula-
tion: (a) rotor; (b) stator.
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Figure 7. Comparison of rotor and stator loss between the experiment and numerical simulation:
(a) rotor; (b) stator.

Figure 7 presents the distribution of pitch-averaged total pressure loss of the rotor and
stator blades; the cases demonstrated are the same as those in Figure 6. Results show that
the current calculation method could capture the general variation of loss along the blade
span. The difference between the simulated mainstream flow loss and the experimental
result was below 0.04. As for the losses neared the endwall, the maximum discrepancy
increased to 0.12 (rotor, φ = 0.48), but the trends were also close to the measured results.
Moreover, the simulated stator tip loss exhibited better accuracy than that of the rotor,
as the maximum error of the stator tip loss was 0.07 in the φ = 0.48 case, i.e., the near-
stall condition.

Overall, the numerical results are reliable enough for qualitative analysis of the flow
loss evolution in rotor and stator passages; however, the overestimation of the tip leakage
loss at the near-stall condition should be recognized.

3. Stage Comparison and the Flow-Based Loss Decomposition Method
3.1. Design Characteristics of the Ultrahigh Loaded Compressor Stages

The comparison of the geometric configuration and design parameters for the four
compressor stages is illustrated in Figures 8–10. It can be seen in Figure 8 that the geometri-
cal configuration of the four stages shared similar characteristics, whereas stage loading
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was altered by the variation of camber angles. As shown in Figure 9, the rotor inlet metal
angles were generally identical, while the outlet metal angles decreased with the increase
in design loading (i.e., increased flow turning). Three-dimensional modeling was utilized
to refine the flow field. In fact, the design rotor inlet flow angles were the same for the four
stages, as the solidity increased with stage loading to control the diffusion factor.
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Figure 10. Comparison of design parameters for the four compressor stages: stator.

As shown in Figure 10, the inlet metal angles of the stator blades were designed to
match the upstream rotor, while the outlet metal angles were identical for the four stages. In
other words, the reactions of the four stages at the design point differed; the reaction for the
higher loaded stage would be lower. This design style was selected for the convenience of
the forthcoming experiment, and the subsequent comparison of aerodynamic characteristics
further demonstrates the comparability of the four stages.
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The pressure-rise and efficiency characteristics of the four compressor stages are given
in Figure 11; the cases demonstrated were operated at the design rotating speed. The design
points are depicted with star symbols, sharing the same mass flow rate of 0.56. It can be
seen that, with the increase in compressor loading, the design and maximum static pressure
rise coefficient increased accordingly, while the compressor peak efficiency and stall margin
decreased. For instance, the peak efficiency for the compressor stage with ψ = 0.65 was
3.5% lower than that of the ψ = 0.41 stage. The stall margin for the ψ = 0.41 compressor
stage was about 25%, while that of the ψ = 0.65 stage was only 11%.
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Figure 11. Stage pressure-rise coefficient and efficiency.

Figure 12 presents the radial distribution of aerodynamic parameters for the four
stages at the design point. Results of both the rotor and the stator are provided. According
to Figure 12, the radial distribution of mass flow rate and loading coefficients at the rotor
inlet followed a similar trend, which satisfied the design target. The loading coefficient
above 90% span of the rotor blade was higher than the lower span areas, as well as the
diffusion factor, due to the influence of tip leakage flow. The increase in blade loading
led to a higher diffusion factor, implying a narrowing distance to stall. Likewise, the
mass flow coefficients of the different stator rows were identical along the blade span,
whereas the diffusion factor increased with the design loading, bringing a higher loss. The
reaction was distributed similarly along the span, and the discrepancy in absolute value
was because the metal angle at the stator outlet was designed identically to achieve the
repeating stage condition.
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Figure 12. Radial characteristic for different compressor stages: design point.

The distribution of inter-stage aerodynamic parameters for the near-stall point is
further demonstrated in Figure 13. It can be seen clearly that the distributions of the
four compressor stages resembled each other. A closer inspection of Figure 13 suggests
that the higher loaded stages would stall at a higher mass flow ratio and higher loading
coefficients, echoing the results in Figure 11. Another notable phenomenon is that the
near-stall diffusion factor of the rotor and stator turned out identical, meaning that the four
compressor stages would reach the maximum loading condition with nearly the same flow
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features inside the rotor and stator passages, thus indicating the good comparability for the
four compressor stages.
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Figure 13. Spanwise aerodynamic performance for different compressor stages: near-stall point.

In summary, the four ultrahigh loaded compressor stages resembled each other and
were carefully designed to avoid large-scale endwall corner separation flow. The flow
matching in the radial direction is reasonable enough for a high-performance compres-
sor. A further comparison can help to reveal the unique characteristics of the ultrahigh
loaded compressor.

3.2. The Decomposition of the Flow Loss

To reveal the influence of stage loading on the compressor loss characteristic, the total
loss was decomposed using an improved method presented by To [20]. This section gives a
short introduction of the decomposition method for the present study.

3.2.1. The Loss Decomposition Method

According to To [20], when hub and shroud boundaries of a certain compressor stage
have no interaction (which is generally true when the aspect ratio is above 0.5), the total
loss in a blade row can be decomposed as the endwall loss and the freestream loss. The
freestream loss is essentially the blade profile loss, whereas the endwall loss includes the
effect of the endwall boundary layer and the tip leakage flow. Under the incompressible
flow condition (which applies to the present study as the Mach number is about 0.2 and the
variation of density is below 2%), the freestream loss is defined as the loss the compressor
generates at the same pressure rise coefficient when the hub and shroud are assumed
smooth (i.e., free slip wall); thus, the endwall loss can be calculated by subtracting the
freestream loss from the total loss.

According to the methodology above, calculations of four different conditions were
designed in the present study, as shown in Table 3. Of the four conditions, Case A is the
baseline case, where the flow loss was the combination of the blade profile loss, the endwall
loss, and the tip leakage loss. In Case B, the tip clearance was set as zero, thus removing
the tip clearance loss. In Cases C and D, the endwall of the rotor and the stator were set as
free slip walls, respectively. Therefore, the losses induced by the endwall boundary layer
were not included in the total loss.

Table 3. Calculation scheme for the loss decomposition.

Case A Case B Case C Case D

Tip clearance 1.5% span 0 1.5% span 1.5% span
Hub and shroud walls: rotor non-slip wall non-slip wall slip wall non-slip wall
Hub and shroud walls: stator non-slip wall non-slip wall non-slip wall slip wall
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The process of loss decomposition is illustrated in Figure 14. As shown in Figure 14a,
to obtain the tip leakage loss of the rotor, the total pressure loss in Case B was subtracted
from that in Case A. Moreover, the subtraction between Case A and Case C gave the total
endwall loss; thus, the blade profile loss could be derived. Things were comparatively
simpler in the stator blade row where leakage flow did not exist. Therefore, subtracting
the freestream loss in Case D from Case A provided the stator endwall loss (Figure 14b). It
should be mentioned that the data in this study were processed in a mass flow averaged
way, as shown in Equations (3)–(5).

mij = ρij AijVji. (3)

ωij =
(

p∗1ij − p∗2ij

)
/
(

p∗1ij − p1ij

)
. (4)

ωj =
∑i

1 mijωji

∑i
1 mij

. (5)
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A further interpretation of the loss decomposition method is provided in Figure 15,
where the decomposition results of the rotor and stator are illustrated. It should be noted
that the decomposition was performed under the same static pressure rise coefficient; thus,
the mass flow coefficients of the reference cases (Case B, C, and D) were different from
the baseline case (Case A) [20]. Following the process in Figure 14, the total pressure loss
of the rotor was divided into tip leakage loss, endwall loss, and blade profile loss, while
stator loss was also decomposed according to their origins. It is worth mentioning that, in
the normal rotor channel (Case A), the secondary flow tended to transport radially and
circumferentially due to the rotor blade centrifugal effects and endwall viscosity effects,
yet the circumferential transition was eliminated in Case C because the endwalls were set
as free slip wall. Consequently, the decomposed blade profile loss near the tip exhibited a
tendency to “follow” the relative movement of the casing wall, whereas the endwall loss
accumulated in the upper part of the channel, as shown in Figure 15a.

The comparison between the current loss decomposition method and the conven-
tional region segmentation methods is given in Figure 16, as a further explanation of the
present data processing concept. As shown in Figure 16 (left), in conventional region-based
methods, the endwall loss is considered as the total loss generated in the near-wall areas
(A and C), whereas the loss in the midspan area (B) is defined as the blade profile loss.
Consequently, in the conventional method, the loss generated by the blade profile in the
hub and casing regions is also included in the endwall loss (ωA′ and ωC′ ), thus influencing
the percentage of different kinds of loss, especially at low aspect ratios. On the other hand,
the loss was decomposed on the basis of flow structures in this paper; hence, the blade
profile loss was calculated accurately despite the extent of the endwall region. The loss
decomposition results of the above methods are given on the right side of Figure 16, which
implies that the conventional region-based method would underestimate the blade profile
loss and overestimate the hub and tip endwall losses significantly.
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Figure 16. The comparison between the different loss decomposition methods.

3.2.2. Validation of the Flow Decomposition Method

The fundamental premise for using the above decomposition method is that the
endwall flow at the hub and tip regions stay in the corner area, thus avoiding the interaction
between the hub and casing secondary flows. This section validates this premise for the
present compressor stages.

It is well known that the near-stall point is the most likely to suffer from large-scale
corner separation over the compressor operating range; hence, the high-loss area in the
corner regions of the compressor stage tends to expand with the increase of stage loading.
Therefore, the midspan flow field of the rotor blade at the near-stall condition is compared
in Figure 17, and results at the design point are also provided. The cases presented are
the same as those in Table 3. According to Figure 17, the distributions of static pressure
rise coefficient for the rotor blade were highly identical for the ψ = 0.41 and ψ = 0.47
stages despite the variation of hub and casing wall boundary conditions. The incidence
angles at the leading edge correlated well with each other; thus, the flow loss could be
decomposed in these stages. With the increase in design loading (ψ = 0.55 and ψ = 0.65), a
slight discrepancy in static pressure could be observed in the near-stall condition, but the
maximum error was still below 0.08 and the overall distribution was consistent; thus, the
current decomposition method is still applicable.
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Figure 17. The distribution of rotor static pressure rise coefficient at midspan: (a) design condition;
(b) near stall condition.

Figure 18 further presents the static pressure-rise coefficient of the stator blade. In
general, the midspan static pressure and incidence angle were distributed similarly under
different boundary conditions with the maximum discrepancy being 0.11 (ψ = 0.65, near-
stall point). The increase in error was due to the merging of the distorted inlet boundary
layer [20], whereas the hub and casing endwalls were still independent of each other
(Figure 13). As a matter of fact, a discernible “freestream” is not compulsory for the flow
decomposition as long as the endwall secondary flows have no interaction. Therefore, the
loss decomposition method is applicable for the stator blade.
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Figure 18. The distribution of stator static pressure rise coefficient at midspan at the near-stall
condition: (a) design condition; (b) near stall condition.

Figure 19 gives a typical loss decomposition result using the aforementioned method,
where the results of the rotor and stator are illustrated, respectively. The contribution of
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each kind of loss can be seen clearly; in the rotor blade channel, the blade profile loss played
the main role at midspan, while the tip leakage loss and endwall friction loss dominated
the hub and casing areas. As for the stator, the endwall secondary flow induced a large
amount of loss in the corner regions, whereas the midspan area was barely uninfluenced.
More importantly, the blade profile loss in the endwall regions was now separated from
the total loss, which is the advantage of the present loss decomposition method.
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Figure 19. Decomposition of the total pressure loss along the radial direction (ψ = 0.41, design point):
(a) rotor; (b) stator.

4. Results and Discussion

With the research object and the investigation method well established, this section
digs into the flow details of the four compressor stages. The results reveal the unique
characteristics of the ultrahigh loaded compressor.

4.1. Loss Characteristics in the Ultrahigh Loaded Compressor Stage
4.1.1. Analysis of the Flow Loss in the Rotors

To obtain the variation of loss with the compressor design loading and working
condition, a series of operating states from along the operation line are analyzed for the
four different compressor stages; this section focuses on the loss of the rotor.

Figure 20 demonstrates the design point total pressure loss for the rotor blade. The
total pressure loss at midspan represents the blade profile loss, whereas the loss at the hub
and tip region originated mainly from the endwall boundary layer and the tip leakage
flow. With the increase in stage loading, the solidity of the rotor blade row was increased
to withstand the strengthening adverse pressure gradient, while the high-loss region at
midspan and the tip regions exhibited an obvious tendency to expand, suggesting an
increase in total pressure loss. Despite the difference in design solidity, the general loss
distribution followed the same trend, thus validating the comparability of the four stages.

As shown in Figure 21, the total passage loss of the rotor blade was classified into three
categories according to their source, and the integration result of each kind of loss was
depicted to demonstrate the variation rules. Note that the blade profile loss was integrated
along the whole blade span, and the tip loss included the loss from both the casing endwall
boundary layer and the tip leakage flow (ωtip = ωtipwall + ωleakage). Figure 21 reveals that
the blade profile loss was about twice the tip loss, while the tip loss was much higher
than the hub loss. With the increase in stage pressure-rise coefficient, the total loss of all
four rotors increased, while the blade profile loss and the tip loss provided the greatest
contribution. Additionally, the variation rate of blade profile loss with Cp decreased as the
design loading increased, whereas the changing rules of the tip loss exhibited not much
change. The constitution of the total loss varied at different operating points and design
loadings, as discussed later.
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Figure 21. The distribution of pitch-averaged endwall loss for the rotor blade: (a) ψ = 0.41; (b) ψ = 0.47;
(c) ψ = 0.55; (d) ψ = 0.65.

A quantitative analysis of the rotor loss is given in Figure 22, where the percentage of
different losses is summarized. Note that the casing loss is decomposed into the endwall
friction loss and the tip leakage loss (ωtip = ωtipwall + ωleakage). What stands out in Figure 22
is that the blade profile loss always took up more 69% of the total loss for all operating con-
ditions, which somewhat contradicts the conventional understanding where the secondary
flow loss is regarded as the main loss origin. The difference is mainly because the current
loss decomposition method practically counts the blade profile loss in the corner region as
“blade profile loss”, which is more rigorous in consideration of the real flow structure. A
closer inspection of different design schemes suggests that the increase in design loading
enhances the proportion of the blade profile loss. For instance, at the design point, the
blade profile loss for the ψ = 0.41 stage was 69%, while that of the ψ = 0.65 stage became
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76%. On the other hand, the proportion of different losses changed simultaneously with
the increase on the stage pressure-rise coefficient. The percentage of the tip leakage loss
exhibited the most rapid rise. The above trend was more remarkable in highly loaded
designs (see Figure 22d), where the proportion of blade profile loss was squeezed by the
tip leakage loss as Cp increased, during which the tip leakage loss virtually doubled. It
should be mentioned that the interaction between the tip leakage flow and the endwall
boundary layer is inevitable in a real compressor; hence, the results at the tip region are not
rigorously accurate, and the decomposition is provided only to show the variation trend.
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Figure 22. The composition of loss for the rotor blade: (a) ψ = 0.41; (b) ψ = 0.47; (c) ψ = 0.55;
(d) ψ = 0.65.

4.1.2. Analysis of the Flow Loss in the Stators

The total pressure loss at the outlet of the stator blade is given in Figure 23; the cases
demonstrated were operated at the design point. The most notable phenomenon is that the
flow in the corner region of the casing tended to expand with the increase in design loading;
thus, the high loss area at the stator casing region extended to the midspan. This extension
stemmed partly from the enhanced corner mixing due to the stronger tip leakage flow from
the upstream rotor, whereas the peak value of the casing corner loss was reduced by the
mixing effect. Furthermore, the blade solidity and the width of the blade wake increased
with the increase in the diffusion factor at the design condition for high loaded compressor,
both of which would lead to a higher blade profile loss.
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Figure 23. The distribution of total pressure loss at stator outlet for the design point: (a) ψ = 0.41;
(b) ψ = 0.47; (c) ψ = 0.55; (d) ψ = 0.65.

Like the rotor blade row, the loss in the stator blade was also decomposed into the
blade profile loss, the hub loss, and the casing loss; the decomposition results are illustrated
in Figure 24. In general, the values of loss at the hub and casing regions of the stator blade
were identical, both of which were significantly lower than the blade profile loss. The
variation trend from Figure 24a–d indicates that the endwall loss was insensitive to the
stage pressure ratio or the design loading; however, the variation of the above parameters
changed the blade profile loss. As discussed before, increasing the design loading would
enhance the stator blade profile loss, whereas the increase in stage pressure-rise coefficient
would first reduce and then enhance the blade profile loss, which is correlated with the
performance characteristics of the blade profile.

As shown in Figure 25, the compositions of the stator loss are summarized and
exhibited as percentages. A different feature from the rotor is that, for each specific design
scheme, the stator blade profile loss held a nearly equal ratio regardless of the stage
operating point, as well as the endwall loss at the hub and casing corners. Since the increase
in design loading mainly influenced the blade profile loss of the stator blade (Figure 24),
the proportion of the blade profile loss also increased with the stage design loading, thus
following the same trend as the rotor blade row. In fact, the lowest proportion of the stator
blade profile loss was as high as 79% for the scope of the present study (Figure 25a) and
could reach 90% with the increase in the design loading, which indicates that the blade
profile loss model played a major role in predicting the performance of the ultrahigh loaded
stator in the low-dimensional design or analysis program.
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Figure 24. The distribution of pitch-averaged endwall loss for the stator blade: (a) ψ = 0.41; (b) ψ = 0.47;
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Figure 25. The composition of loss for the stator blade: (a) ψ = 0.41; (b) ψ = 0.47; (c) ψ = 0.55;
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4.2. Inspirations on the Design Process

As mentioned before, the solidity of the four compressor stages was varied to control
the diffusion factor. The variation was accomplished by changing the number of the blades.
However, the increase in blade number could obviously increase the wetted surface of the
blade row, which means that the blade solidity was coupled with its level of loss. This
section focuses on the above relation.

To eliminate the influence of solidity on the stage loss characteristic, the losses obtained
in the former section were divided by the blade solidity, and the corresponding results
can be recognized as the loss generated by every single blade. As shown in Figure 26a,
the rotors of the ψ = 0.55 stage and the ψ = 0.65 stage shared identical loss levels, which
were higher than the other two stages (which were also roughly equal). The difference
comes from the designed diffusion factor, as shown in Figure 12. Further consideration of
Figure 26b,c indicates that the tip leakage loss was identical for the four compressor stages,
as the difference in total loss came from the blade profile loss. The minor variation of tip
leakage loss was because increasing the rotor solidity could reduce the pressure gradient
between the blade pressure and suction surfaces, thus weakening the tip leakage flow and
extending the stage operation range. On the other hand, although the loss of the isolated
blade profile could be reduced by increasing the design solidity, the total blade profile loss
depended on the sum of loss from all blades; hence, the selection of solidity should balance
between the total loss level, i.e., efficiency, and the stage stall margin.
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Figure 26. The comparison of rotor loss between different design schemes: (a) total loss; (b) blade
profile loss; (c) tip leakage loss.

The comparison of the stator passage loss is given in Figure 27, where the losses are
divided by the blade solidity just like the rotor. The most striking result about the stator is
that the higher loaded design generated a lower total loss in large mass flow rate conditions
(see Figure 27a), where the ψ = 0.65 stage exhibited a lower loss level than the other stages.
According to Figure 10, the stator solidity of the ψ = 0.65 stage was remarkably higher than
that of the other three schemes, thus relieving the loading of every single blade. Inspection
of Figure 27b,c indicates that the high-solidity design could effectively control the increase
in blade profile loss at high design loadings, whereas the reduction of stator loss stemmed
mainly from the endwall region. Note that, although the passage flow would be better
organized at higher blade solidity, the total loss of the stator row came from all the blades,
which means that the benefit of increasing the solidity was limited.
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Figure 27. The comparison of stator loss between different design schemes: (a) total loss; (b) blade
profile loss; (c) endwall loss.

5. Conclusions

The design and analysis of four well comparable compressor stages were performed
to reveal the flow characteristics of the ultrahigh loaded compressor. An experiment was
conducted to validate the numerical method, and the calculated flow loss was decomposed
on the basis of the flow features to unveil the variation of each part. The main conclusions
are drawn below.

1. Four compressors were designed under the same flow coefficient with the loading
varying from 0.41 to 0.65. The geometrical features of the stages were similar, and the
flow fields were organized following the same pattern. The peak efficiency of the four
stages was between 0.87 and 0.82, highlighting the state-of-the-art designing ability.

2. The blade profile loss dominated the total loss of the rotor passage and played a larger
part with the increase in the design loading. The percentage of design-point blade
profile loss increased from 69% to 76% when the stage loading was varied from 0.41
to 0.65. The total loss of the rotor blade tended to increase with the increase in the
stage pressure rise coefficient, while the increment came mainly from the blade profile
loss and the tip leakage loss. The proportion of the blade profile loss was squeezed by
the tip leakage loss as Cp increased.

3. With the increase in stage pressure rise coefficient, the total loss of the stator first
decreased and then increased, while the blade profile loss and the endwall loss held
an equal ratio. The blade profile loss in the stator passage was much higher than the
losses at the hub and casing corners, whereas the proportion of the blade profile loss
increased from 79% to 90% as the design loading changes from 0.41 to 0.65.

4. Increasing the solidity reduced the transverse pressure gradient in the blade passage,
thereby weakening the tip leakage flow and extending the stage operation range of
the ultrahigh loaded compressor. The increase in flow losses in the highly loaded
compressor stemmed mainly from the high blade solidity. The selection of solidity
should balance between the total loss level and the stage stall margin.
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Nomenclature
Variables
Cp Static pressure-rise coefficient
DF Diffusion factor
m Mass flow rate
n Rotating speed
T* Total temperature
Umid Midspan velocity
w Relative velocity
βk Metal angle
η Efficiency
π Total pressure ratio
ρ Density
ϕ Flow coefficient
τ Solidity
ψ Loading coefficient
ω Loss coefficient
Ω Reaction
Subscripts
endwall Endwall loss
hub Hub loss
leakage Tip leakage loss
profile Blade profile loss
tip Total casing loss
tipwall Casing endwall friction loss
tot Total loss
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