
Research Article
Investigation of New Design Principles for the Centrifugal
Compressor Vaned Diffusers

Qingkuo Li ,1,2 Zhigang Sun ,3 Xingen Lu ,1,2 Yingjie Zhang ,1,2 and Ge Han 1,2

1Key Laboratory of Light-Duty gas-Turbine, Institute of Engineering Thermophysics, Chinese Academy of Sciences, Beijing, China
2School of Engineering and Sciences, University of Chinese Academy of Sciences, Beijing, China
3Institute for Aero Engine, Tsinghua University, Beijing, China

Correspondence should be addressed to Zhigang Sun; sunzg@tsinghua.edu.cn and Xingen Lu; luxg@iet.cn

Received 24 June 2021; Revised 7 September 2021; Accepted 8 December 2021; Published 25 February 2022

Academic Editor: Dakun Sun

Copyright © 2022 Qingkuo Li et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Diffuser’s aerodynamic performance is crucial for the centrifugal compressors, while at present the universal principles for the
optimization design of the vaned diffusers are still not available. In this paper, three vaned diffusers with different inlet Mach
numbers were numerically studied in order to explore new design principles for the centrifugal compressor vaned diffusers. It
proved that there are practical and effective design principles for the vaned diffuser optimizations, the performance of the
vaned diffuser can be improved by carefully control of two aerodynamic parameter distributions: Tangential velocity (Vt) and
Meridional velocity (Vm). The vaned diffusers with subsonic, transonic and supersonic inlet conditions were optimized with
the new design principles, and the peak efficiencies were increased by 4.23%, 2.15% and 2.59%, respectively. The stage pressure
ratios were increased by 3.36%, 1.39% and 6.49%, respectively, and their surge margins were also improved substantially.
Finally, since the Vt and Vm could affect each other during the optimization process, an interactive optimization design
procedure was also presented in this paper in order to accelerate the optimization process.

1. Introduction

Centrifugal compressors have the advantages of compact struc-
ture, high pressure ratio, good reliability, and wide operating
range. They are widely used in small and medium-sized aircraft
engines and gas turbines. Better aerodynamic performances and
wider operating range are desired for the centrifugal compres-
sors. Researchers have been conducting related studies all the
time. HA Klassen [1] experimentally studied a pressure ratio
of 6: 1 centrifugal compressor by testing a swept-back impeller.
C Osbosne [2] performed a mechanical design and aerody-
namic analysis of an 8: 1 centrifugal compressor. H Krain [3]
carried out the numerical and experimental researches on the
transonic flow fields of the centrifugal compressors, identified
areas of large flow loss in centrifugal compressors, and
improved compressor performance by modifying the impeller
thickness and blade angle. M Voges [4] used PIV to conduct
experimental measurement and analysis of the transonic flow
field. With the deepening understands of the internal flow field
of the compressor, the design method of the impeller blade has

been developed from two dimensions to three dimensions. The
centrifugal compressor impeller efficiency can be above 90%.
While, the stage performance of the centrifugal compressor
has not been greatly improved due to the unsatisfying perfor-
mance of the diffusers [5].

The diffuser could greatly affect the stage performance of
the centrifugal compressor. The impeller outlet airflow velocity
is very high and unsteady, the height of the centrifugal impeller
outlet is very small, and the distance between the diffuser inlet
and the impeller outlet is very small, there is strong unsteady
interaction between the centrifugal impeller and the diffuser,
the working conditions for the diffuser are harsh. All these fac-
tors will greatly reduce the efficiency and stability of the cen-
trifugal compressor. The design of compact and efficient
diffuser is very challenging, and it is also a major technical
obstacle for the high-pressure-ratio centrifugal compressors
[6, 7]. At present, there are many researches on the design of
the diffusers, such as low solidity vanes, half guide vanes, pipe
diffuser and leading edge slotted design, these could improve
the performance of the diffusers [8–12].

Hindawi
International Journal of Aerospace Engineering
Volume 2022, Article ID 4480676, 16 pages
https://doi.org/10.1155/2022/4480676

https://orcid.org/0000-0001-9934-5129
https://orcid.org/0000-0001-6550-5075
https://orcid.org/0000-0002-0717-4164
https://orcid.org/0000-0003-0528-1473
https://orcid.org/0000-0001-8931-5436
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/4480676


Blade optimization design is time-consuming work, and it
is even more difficult without a practical and universal design
principle. Nowadays, a few articles proposed diffuser geometry
design methods but few articles proposed universal design
principles. To investigate the sensitivity of how compressor
performances change as the vaned diffuser geometry is varied,
Hong-Won Kim [13] studied and compared three kinds of
vaned diffusers. It found that the NACA 65 diffuser geometry
satisfied a wider operating range and had a better perfor-
mance. For diffuser channel design, Reneau [14] proposed that
excessive divergence angle would cause a rapid change of flow
velocity, and there would be flow separation in the diffuser
channel, resulting in failure of the expansion capacity. In order
to make the design method more general, Zangeneh M [15]
proposed an inverse design method. Although it is difficult
to give universal design principles, it is feasible to design the
diffuser by using the blade load distribution. Wang [16] and
Engeda [17] both use intelligent methods to optimize three-

dimensional blades, while it is somewhat difficult for the cur-
rent industrial production and application.

For the conventional diffuser optimization design, direct
geometry modifications are the common choice, and the geo-
metric parameters are usually modified without directions.
Therefore, it is necessary to explore new design principles
for higher performance and more convenience. In this paper,
by controlling the aerodynamic parameter distributions of Vt
and Vm along the flow passage, the universal design princi-
ples of the vaned diffusers were investigated and verified for
three centrifugal compressors, and significant improvements
of the stage performance have been achieved.

2. Case Descriptions

In this paper, for exploring the universal design principles of
the vaned diffusers with different Mach numbers, 3 diffusers
of subsonic, transonic and supersonic inlet conditions were
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Figure 1: Centrifugal compressor flow path and 3d model.

Table 1: Case of pressure ratio 4 compressor.

Compressor stage

Design mass flow m d =4.54 kg/s

Total pressure ratio π=4.0

Isentropic efficiency η i=83.3%

Impeller

Rotating speed N=21789 r/min

Number of blades Z I =15full+15splitter

Exit diameter D 2 = 431.44mm

Back sweep angle β=50 deg

Exit tip speed U 2 = 492m/s

Radial diffuser

Number of vanes Z D =24

Inlet/outlet radius ratio R 3/R4 = 0.641

Inlet metal angle α=12 deg

Table 2: Case of pressure ratio 8 compressor.

Compressor stage

Design mass flow m d =1.7 kg/s

Total pressure ratio π=8.0

Isentropic efficiency η i=80%

Impeller

Rotating speed N=54000 r/min

Number of blades Z I =11full+11splitter

Exit diameter D 2 = 217mm

Back sweep angle β=30 deg

Exit tip speed U 2 = 614m/s

Radial diffuser

Number of vanes Z D=23

Inlet/outlet radius ratio R 3/R4 = 0.746

Inlet metal angle α=13 deg
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investigated and optimized in the centrifugal compressors,
respectively.

For diffuser of transonic inlet condition, NASA DDA
404-III high-pressure ratio centrifugal compressors [18]
were studied, which are mainly used for advanced gas
turbine power generation devices. The flow path of the
compressor and its 3D model are illustrated in Figure 1.

When a vaneless diffuser was equipped in the compressor,
the pressure and temperature were measured at station A,
which is 1.18 times of the impeller tip radius. When a wedge
diffuser was used, outlet flow parameters were measured at
station B. The impeller and diffuser geometries were pro-
vided by McKain and Holbrook [19], as shown in Table 1.

For diffuser of supersonic inlet condition, a pressure
ratio of 8: 1 centrifugal compressor from our laboratory
was used, which consists of a centrifugal impeller, a radial
diffuser, and an axial diffuser. Table 2 shows the design
parameters of this compressor.

For diffuser of subsonic inlet condition, a pressure ratio
of 2.2: 1 centrifugal compressor from our laboratory was
used, including a centrifugal impeller and a radial diffuser.
This centrifugal compressor is used in a micro gas turbine,
Table 3 shows the design parameters of the compressor.

3. Numerical Methods and Verification

3.1. Numerical Methods. CFD software NUMECA was used
for the calculation. Spatial discretization is achieved with the
cell-centered Jameson finite volume explicit scheme and
temporal discretization is performed via a fourth-order
Runge-Kutta scheme. Compared with the SST and κ-ε
models, One-equation Spalart-Allamaras (SA) has better
simulation of stage performances and is selected as the tur-
bulence model. A multi-grid scheme is employed to reduce
the computation time.

The topology of the impeller and diffuser is generated by
AutoGrid, the grids were refined near the blade surfaces and
the endwalls. To ensure boundary layer resolution, the y+ is
set around 2 at the wall surfaces. The compressor stage is of
about 1.5× 106 grids. The computational grid of NASA DDA
404-III high-pressure ratio centrifugal compressor is shown
in Figure 2.

A real gas model is used. The total pressure, the total
temperature and the airflow angle (axial intake) are specified
at the domain inlet. When the parameter change is less than
0.1% and the difference between the inlet and outlet mass

Table 3: Case of pressure ratio 2.2 Compressor.

Compressor stage

Design mass flow m d =0.45 kg/s

Total pressure ratio π=2.2

Isentropic efficiency η i=77%

Impeller

Rotating speed N=47000 r/min

Number of blades Z I =12full+12splitter

Exit diameter D 2 = 143mm

Back sweep angle β=25 deg

Exit tip speed U 2 = 210m/s

Radial diffuser

Number of vanes Z D= 21

Inlet/outlet radius ratio R 3/R4 = 0.815

Inlet metal angle α= 22 deg

Diffuser

Mixing
Plane

Main Blade

Splitter Blade

Figure 2: Computational grid of NASA DDA 404-III centrifugal
compressor.

Table 4: Mesh overview.

Impeller grids Diffuser grids Min. Skewness π1-4 η1-4
1,036,548 377,522 16.8 4.206 0.8287

1,303,248 409,431 17.2 4.212 0.8301

1,543,188 475,665 17.5 4.215 0.8308

1.887,424 590,919 17.4 4.215 0.8307
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Figure 3: Performance predicted for different grid numbers.
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flow is less than 0.1%, the calculation is considered to be
convergent. Non-slip and adiabatic wall boundary condi-
tions are used. The mixing plane is applied between the
rotary and stationary domains.

3.2. Grid Independence Study. Grid independence was
checked for all the simulations. As for the NASA DDA
404-III high-pressure ratio centrifugal compressor, grid
number varies from 1.4 to 2.5 million. The calculation
results at the design mass flow are shown in Table 4.
Figure 3 shows the trend of calculation results for all grids.

When the grid number surpasses 2.0 million, CFD simula-
tions have consistent results.

3.3. CFD Result Verifications. Comparisons for the CFD pre-
diction and experimental results of NASA DDA 404-III
baseline compressor performance (80%, 90%, and 100% of
design speed) are shown in Figure 4. Both the predicted
choke mass flow rate and the total pressure ratio are just
slightly higher than the experimental results, it can be con-
cluded that the calculations can be used to predict the per-
formance of the compressors.

For the pressure ratio 8 : 1 centrifugal compressor,
Figure 5 shows the performance comparisons of the com-
pressor at 100%, 95%, and 90% rotating speeds. It can be
found that stage performances of the numerical calculation
is close to the experimental results, and the biggest mass flow
rate difference is about 2.7%.

For the pressure ratio of 2.2 : 1 centrifugal compressor,
we have also verified. For the 100% rotating speed, com-
pared to the experiment, the results of the numerical calcu-
lation are as follows: the total pressure ratio is 2.17%
higher, the peak efficiency is 0.65% higher, and the choke
mass flow rate is 2.20% higher.

To sum up the above results, it is noticed that the satis-
factory agreement is obtained at low speeds. And the pre-
dicted choke flow rate and the pressure ratio are both
slightly higher than that of the experiment results at design
speed. The discrepancies not only occur in the current
research, but also were reported by former researchers [20,
21]. And the numerical performance line distributions are
well-matched with the experiment results. Therefore, we
can conclude that the numerical simulations are good
enough for performance prediction of the three centrifugal
compressors.

4. Exploration of the Optimization
Design Principles

For the vaned diffusers, the geometry variations are the com-
mon method to perform optimization design, while which
geometry parameter to be optimized and what is the best
value are difficult to tell, so far there are no universal princi-
ples for the optimization design of the vaned diffusers.

From the prospect of aerodynamic view, the universal
optimization design principles for the vaned diffusers were
studied in this paper. We determine the most important
aerodynamic parameters of the vaned diffusers to be opti-
mized, and try to find out their best distribution laws.

In this section, we first explore the optimal Vt, Vm distri-
butions of transonic compressor diffuser by modifying the
diffuser geometries, then the preliminary optimization
design principles were concluded. Finally, we applied the
design principles to the vaned diffuses of the transonic,
supersonic and subsonic compressors, and the design princi-
ples were further investigated and verified for different
conditions.

4.1. Main Aerodynamic Parameters for Optimization Design.
For the performance evaluation of the diffuser, the static
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Figure 4: Pressure ratio 4 : 1 compressor performance at different
rotating speeds [19].
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Figure 5: Pressure ratio 8 : 1 compressor performance at different
rotating speeds.
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pressure recovery coefficient Cp and the total pressure loss
coefficient Cpt are defined as [22]:

Cp =
p4 − p3
pt3 − p3

ð1Þ

Cpt =
pt3 − pt4
pt3 − p3

ð2Þ

These two coefficients are defined uniformly as follow:

δ =
Cp

Cpt
= p4 − p3
pt3 − pt4

ð3Þ

The subscripts 3 and 4 are the cross-sections of the diffuser
inlet and outlet, respectively. For a diffuser, the higher the
static pressure recovery coefficient is, and the lower the total
pressure loss coefficient is, the δ is higher, and it means that
the vaned diffuser could convert the kinetic energy of the
impeller out flow into the pressure energy more efficiently.

As shown in Figure 6, radial velocity Vr, tangential veloc-
ity Vt and Meridional velocity Vm are defined as follows:

Vr =
xVx + yVy

ffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 + y2
p ð4Þ

Vt =
xVy − yVx

ffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 + y2
p ð5Þ

Vm =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Vr
2 +Vz

2
q

ð6Þ

For radial diffusers, the velocity along the z-direction Vz
is very small, so Vm is approximately equal to Vr.

For the stage performance evaluation, the surge margin
is defined as:

SM = πs/ms

πd/md
− 1

� �

× 100% ð7Þ

The subscripts s and d represent the surge point and
design point parameters, respectively.
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4.2. Exploration of the Design Principles and Procedure

4.2.1. Geometry Parameterization. Blade parameterization
was first performed for the optimization process. Bezier
curves are used to control the blade profile. Given n+1= 6
control points Pi, forming n=5th order Bezier curve poly-
gon [23]. For given coordinates and order of the control
points, the Bezier curve can be quickly fitted to the blade
profile, and then the blade geometry can be controlled by
adjusting the control points. A specific geometry sample is
shown in Figure 7.

4.2.2. Studies for Vaned Diffuser with the Transonic Inlet
Condition. The flow control equations of the vaneless
diffuser were established with radial and tangential
velocity [24]:

Vm
dVm

dr
−
V2

t

r
+ Cf

V2 cos α
b sin α

+ 1
ρ

dp
dr

= 0 ð8Þ
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Figure 9: Different blade angle and thickness distributions.

Table 5: Performance comparisons for diffusers with different
blade angle distributions.

Case Rel. δ Rel. m

Case1 1.014 0.988

Case2 1 1

Case3 1.002 0.968

Case4 0.964 0.937

Case5 0.951 0.838

Table 6: Performance comparisons for diffusers with different
blade thickness distributions.

Case Rel. δ Rel. m

Case6 0.952 1.066

Case7 0.977 1.102

Case8 1 1

Case9 0.962 0.967

Case10 0.976 1.027

1.2

1.0

0.8

0.6

N
or

m
ali

ze
d 

V
t

0.4

1.2

1.0

0.8

0.6

0.4N
or

m
ali

ze
d 

V
t

0.2

0.0
220 240 260 280 300

Meridional channel length/(mm)
320 340 360

0.2

0.0

Case 1 Case 3 Case 4 Case 5Case 2

Case6 Case7 Case9 Case10Case8

Case 1

Case 3
Case 4
Case 5

Case 2
Case 6
Case 7

Case 9
Case 10

Case 8

Figure 10: V t distributions for different cases.
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Vm
dVt

dr
+ VmVt

r
+ Cf

V2 cos α
b

= 0 ð9Þ

m = 2πrbρVm ð10Þ
Where Cf is the friction coefficient, b is the blade

height, and α is the airflow angle. It can be seen from
formula (10) that the mass flow rate is only related to
Vm and ρ when the blade height was unchanged; from
formulas (8) and (9), the internal velocity of the diffuser
could be expressed by two components, Vt and Vm.

Generally, for a vaneless diffuser, Vt decreases slowly
with a typical spiral flow pattern. The long streamlines with
high friction losses resulting in lower performance. One way
to improve the performance is by a larger reduction of the Vt
and the flow path by means of vanes turning the flow more
radially. And Vm is defined as a constant value except for the
variations of density or channel width [25]. While for a

vaned diffuser, Vt decreases drastically and more kinetic
energy is converted into pressure energy. Vm reflects the
velocity of through flow and is related to the flow-through
area, the Vm should not change drastically to avoid unneces-
sary flow losses. As for the radial diffuser, with the growth of
radius and gas density, the Vm should decrease slowly to
avoid larger flow separation [26] and flow losses.

In summary, the velocities ofVt andVm are two important
aerodynamic parameters, Vt is the largest velocity of all the
velocity components, and represents the capability of pressure
recovery; Vm is related to the flow-through area, and repre-
sents the capability of through flow. These two velocities are
extremely important for the diffuser performance.

With the same meridional channel contour, the NASA
DDA 404-III centrifugal compressor is equipped with a
vaned diffuser and a vaneless diffuser, respectively. The
velocity distributions along the meridional channel from
the experimental datum are shown in Figure 8. For the vane-
less diffuser, the Vt is reduced by about 1/6 from inlet to out-
let, while for the vaned diffuser, Vt is reduced by 4/5, so the
Vt decreases drastically in the vaned diffuser. Vm of the vane-
less diffuser decreases gradually, but for this vaned diffuser,
it first accelerated and then decelerated.

So the tangential velocity Vt and the meridional velocity
Vm are also the critical indicators for the performance of the
vaned diffuser. If their best distributions can be determined,
then the universal design principles for the vaned diffusers
can be found.

Geometry variations of the Vaned diffuser were per-
formed in order to explore the best distributions of Vt and
Vm for the transonic compressor diffuser. As shown in
Figure 9, vaned diffusers with different blade angle and blade
thickness distributions were studied. Case1-5 just change the
blade angle distributions, and Case6-Case10 just change the
blade thickness distributions.

For Case 1-5 (the thickness distribution unchanged) and
Case 6-10 (the blade angle distribution unchanged), CFD
calculations are performed with the same boundary condi-
tions which taken from the peak efficiency point of the
baseline case. The performance parameters for different
cases are shown in Tables 5 and 6. Note that both Case 2
and Case 8 are the same baseline case (represented by the
red lines in Figure 9).

As shown in Table 5, Case1, Case2 and Case3 are better
in terms of δ and relative mass flow. As shown in Table 6,
Case7, Case8 and Case10 are better in terms of δ and relative
mass flow.

Baseline

Case11

Figure 11: Diffuser profiles for different thicknesses.

Table 7: Performance comparisons for diffusers with different
thicknesses.

Case Rel. δ Rel. m

Baseline 1 1

Case11 1.009 1.003
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Figure 10 shows the Vt distributions along the meridi-
onal channel for different diffusers. Based on the diffuser
performance with Tables 5 and 6, it shows that when Vt
decreases faster at the beginning then slower along the
meridional channel, the diffuser has better performance.
But Vt should not drop too fast at the leading edge to
avoid boundary layer separation. Therefore, better diffuser
performance can be achieved by careful control of Vt
distribution.

As for the Vm distribution, it should decrease gradually.
There is a sudden increase in Vm at the leading edge of the
baseline diffuser in Figure 8, it is undesirable. Case 11 was
studied, which keeps the blade angle consistent with the

baseline diffuser, but slightly change the thickness near the
leading edge, as shown in Figure 11.

Table 7 shows the performances of Case 11 and the
baseline diffuser. It is clear that Case 11 has better perfor-
mance, and the relative mass flow is also improved.
Figure 12 shows the distributions of Vt and Vm (Case11
and Baseline) along the meridional channel. Slight thick-
ness variation near the diffuser leading edge will greatly
change the distributions of Vt and Vm, and affect the per-
formances of the diffuser.

Studies indicated that when Vt decreases fast at the lead-
ing edge and then decreases slowly in the diffusion channel,
the kinetic energy will convert into pressure energy more
efficiently; For the Vm, a steady decrease throughout the flow
passage could avoid the flow losses caused by the sudden
change in the meridional velocity.

Both the blade angle and thickness distributions
determine the diffuser geometry, which could change the
flow direction greatly, then affect the Vt distributions.
Flow-through area will affect the Vm greatly, and the
flow-through section of vaned diffuser is consist of the
pressure surface, the suction surface and the hub/shroud
endwalls, any change of these endwalls could affect the
Vm distributions greatly. Generally, for the vaned dif-
fusers, the blade angle distributions could greatly affect
the Vt distributions, and the blade thickness distributions
could change the diffuser profile and flow-through area,
and affect the distributions of Vt and Vm at the same
time, and we can also use the hub/shroud endwalls to
control the Vm distributions.

Based on the above studies, the design principles for the
vaned diffuser can be summarized as follows: 1) The Vt and
Vm distributions of the vaned diffusers should be optimized
for better diffuser performance; 2) Geometry modifications
should be performed according to the desired Vt and Vm
distributions; 3) The Vm should decrease gradually through
the whole flow passage; 4) The Vt should decrease
smoothly, and should decrease fast at the leading edge
and then slowly along the flow passage for the transonic
compressor diffuser. Note that the laws of Vt and Vm distri-
butions may be different for vanned diffusers with different
inlet Mach numbers.

Using the above design principles, the vaned diffuser of
the transonic centrifugal compressor was optimized again,
the velocity distributions and stage performance are shown
in Figures 13 and 14. After optimizations of the diffuser,
the compressor peak efficiency was increased by 2.15%, the
pressure ratio was increased by 1.39%, and the surge margin
was increased by 38.45%.

4.3. Optimizations for the Diffusers of the Subsonic and
Supersonic Compressors. After the study of the diffuser for
the transonic inlet condition, we further explore the distri-
bution laws of Vt and Vm for the diffusers of supersonic
and subsonic inlet conditions.

For the diffuser of supersonic inlet condition, optimiza-
tions were performed for the compressor from Table 2,
and the result of a wedge diffuser (baseline diffuser is revised
from this wedge diffuser) is also provided for comparisons,
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the profiles of the wedge diffuser and optimized case are
illustrated in Figure 15. The velocity distributions and stage
performances are shown in Figures 16 and 17. Compared
with the result of the wedge diffuser, the peak efficiency of
the optimized compressor was increased by 2.59%, the pres-
sure ratio was increased by 6.49%, and the surge margin was
increased by 15.46%. From Figures 16 and 17, it can be seen
that a proper decrease rate in Vt is beneficial to the
performance improvement, but we found that excessive Vt
decrease at the inlet of the diffuser resulting in reduced
performance.

For the diffuser of subsonic inlet condition, optimiza-
tions were performed for the compressor from Table 3,

and the velocity distributions and stage performances are
shown in Figures 18 and 19. After optimizing the velocity
distributions of the diffuser, compressor peak efficiency
was increased by 4.23%, the pressure ratio was increased
by 3.36%, and the surge margin was increased by 28.94%.

For all cases, the compressor efficiencies and pressure
ratios were improved as a result of the better performances
of the diffusers. Specially, the optimal Vm distributions
certainly have enhanced the flow-through capabilities of
the diffusers and the surge margins as well.

4.4. Discussion of the Distribution Laws for Different
Compressor Conditions. Three optimization results for the
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diffusers of different compressor conditions have shown
that the design principles by controlling the distributions
of Vt and Vm along the flow passage are feasible and
effective.

Generally, Vm should decrease gradually and slowly for all
inlet conditions, but the specific Vt distribution laws for
diffusers of different inlet conditions are different. A general
Vt distribution map based on a large number of optimizations
is provided in Figure 20, both the Vt and the meridional chan-
nel are normalized.

There are 3 dash lines in Figure 20, the upper and
lower dash lines represent the “subsonic boundary” and

“transonic & supersonic boundary”, which are the
extreme Vt distributions. And the middle dash line
separate the map into a “lower section” and “upper sec-
tion”, the positions and shapes of all the three dash
lines are the results of approximation. Three solid lines
with square, circle and triangle symbol are the actual
diffuser Vt distributions from the above optimizations
for the subsonic, transonic and supersonic diffusers,
respectively.

Apparently, the Vt should decrease smoothly for all
conditions. For the transonic and supersonic inlet condi-
tions, their Vt distributions are similar, Vt decreases fast
at the inlet then decreases slowly in the flow passage, their
Vt distributions are of curved lines in the lower section.
During the optimization process, we found that if the Vt
decreased too fast at the inlet will result in flow separation.
For the subsonic inlet conditions, the Vt distributions are
flatter curved lines in the upper section. Note that the
Mach number of the subsonic case in this paper is pretty
low, and its Vt distribution is close to a linear distribution.
Though there aren’t enough cases to fill the upper section
of this map, it’s reasonable to speculate that with the
growth of the Mach number, the Vt distribution curve
should be steeper and more curved in this map for the
subsonic compressor conditions.

The specific law of the Vt distribution for a given diffuser
could be found in the related sections of Figure 20 according
to the inlet conditions of the vaned diffusers, and the very
best Vt distribution could be explored in the adjacent areas
of this map with further optimizations.

4.5. The Optimization Design Procedure. Since the Vt and Vm
will affect each other during the optimization process, an
optimization design procedure is presented in Figure 21 to
accelerate this process.
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The main steps of the procedure are as follows:

(1) Parameterization: Baseline diffuser is parameterized for
the optimization process. Note that R4/R3, R3/R2
and the inlet/outlet blade angles should not change
too much for the given diffuser working condition

(2) Simulation: Vt, Vm, m and Ma are provided by the
numerical calculations

(3) Optimization: Adjust the diffuser geometric parame-
ters to meet the desired Vt and Vm distributions

along the meridional channel with all the limitations
in check. Iterations are performed to meet the
desired distribution laws of Vt and Vm

Note that the Vt is very sensitive to the blade angle. Blade
thickness could affect the Vt and Vm at the same time.
Furthermore, hub/shroud endwall geometry could also be
changed to obtain the desired Vm distributions. Usually,
the desired velocity distributions and satisfying diffuser
performance could be achieved after couple iterations.

5. Summary

In this section, the design principles of vaned diffuser are
preliminarily determined for the transonic compressor
condition, then this design principles were applied for the
transonic, supersonic and subsonic compressor conditions
to explore the specific distribution laws of Vt and Vm. The
universal design principles of vaned diffuser are investigated
and verified for all the typical compressor inlet conditions. A
general Vt distribution map is provided and an optimization
design procedure is also presented.

6. Analysis and Discussion

After optimizations of the diffusers, the overall perfor-
mances of the compressors are improved substantially, and
the details of the diffuser flow field have changed signifi-
cantly. Figure 15 shows the Mach number contours of the
diffusers at 50% span for all cases. With the decreases of
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the Vt and Vm at the inlet, a lower inlet Mach number was
found for all cases, which could greatly improve the over-
all performance of the diffusers. We found that the overall
gradients of the Mach number was lowered for all cases
after optimizations, and more even distribution of the
Mach number along the flow passage were observed at
the same time.

The better Mach number contours certainly improved
the entropy contours as shown in Figure 22. Both the
highest entropy and the area of high entropy were
reduced substantially, which indicate that less flow losses
and better overall performances of the optimized vaned
diffusers. Specially, we found great entropy improvements
near the pressure side surface of the diffusers for all
cases, which could be the results of lower Mach numbers
and less flow separations.

As shown in Figure 23, since the Mach number decreases
faster at the inlet, and more kinetic energy was converted
into pressure energy, higher pressure gradients at the inlet
are observed for all cases.

The total pressure recovery coefficients were improved
substantially for all cases as shown in Figure 24. The total
pressure recovery coefficients have not been increased much
at the inlet because the fast velocity decreases, but have been
increased a lot through the whole passage for better distribu-
tions of Vt and Vm.

As shown in Figure 25, the overall distributions of Vm
were improved greatly for all cases. The highest Vm and
the Vm gradients are lower, and more even Vm distribu-
tions were observed, especially for the subsonic case.
Better Vm distributions certainly could improve the effi-
ciencies and flow-through capabilities of the diffusers,
and we do observed great improvements of the surge
margins for all cases.

After optimizations with the new design principles of the
vaned diffusers, not only the overall performances of the dif-
fuser were improved greatly, but also the details of the flow
fields, the distributions of Mach number, entropy, static
pressure and Vm are better, and the flow separations are
restricted as well.
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7. Conclusions

In this paper, numerical simulations and optimizations
were performed on the vaned diffusers with different inlet
Mach numbers. The new vaned diffuser design principles
were investigated and verified, and the main conclusions
are as follows:

(a) Vaned diffuser design principles:

(1) The performance of the vaned diffuser can be
improved by carefully control of two aerody-
namic parameter distributions: Vt and Vm,
which represent the capability of pressure
recovery and through flow, respectively

(2) The Vm should decrease gradually and slowly
along the flow passage for all inlet conditions
to avoid the flow losses caused by the sudden
change in the meridional velocity, and improve
the flow-through capability and surge margin

(3) The diffuser Vt distribution should vary from the
inlet conditions in order to ensure kinetic energy

converted into pressure energy more efficiently.
Generally the Vt should decrease smoothly, and
the Vt distribution is of a tilted concave curve,
which means that the Vt decreases faster at the
inlet then slower along the flow passage. A
general Vt distribution map is provided, but the
specific Vt distribution for a given vaned diffuser
should be further optimized accordingly

(b) Diffuser geometry modifications:

(4) The geometry of the vaned diffuser should be
adjusted to guarantee the desired Vt and Vm
distributions

(5) Blade angle could change Vt directly, blade
thickness could change blade profile and flow-
through area, then affects the Vt and Vm at the
same time, and hub/shroud endwall geometry
could be changed also to achieve the desired
Vm distributions

(c) Optimization results for vaned diffusers of different
conditions:
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(6) For the subsonic, transonic and the supersonic
vaned diffusers, the stage peak efficiencies were
increased by 4.23%, 2.15% and 2.59%, respec-
tively, the stage pressure ratios increased by
3.36%, 1.39% and 6.49%, respectively, and the
surge margins were improved by 28.94%, 38.45%
and 15.46%, respectively

(d) Optimized design procedure:

(7) Vt and Vm will affect each other during the
optimization process, an optimization design
procedure is presented to accelerate the process
in this paper

Nomenclature

Cp: Static pressure recovery coefficient
C p,t: Total pressure loss coefficient
CFD: Computational fluid dynamics
Ma: Mach number
Ma0: Mach number at diffuser inlet
p: Static pressure
pt: Total pressure
PS: Pressure surface
SS: Suction surface
R: Radius
V: Velocity
V t: Tangential velocity
V m: Meridional velocity
V r: Radial velocity
η: Total-to-total isentropic efficiency
π: Total pressure ratio
m: Mass flow rate
δ: Diffuser performance parameter
x, y: x and y components of rectangular coordinate system
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