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 a b s t r a c t

Vaned diffusers are widely employed in centrifugal compressors to improve stage aerodynamic efficiency. How-
ever, their presence leads to a reduction in the stable operating range due to the increased tendency for flow 
separation within the diffuser passages. Consequently, identifying an optimal diffuser vane geometry is critical 
to achieve a compromise between aerodynamic performance and operational stability. In the present study, a 
three-dimensional compressible Reynolds-averaged Navier-Stokes (RANS) framework is adopted to investigate 
the effects of vane surface geometry modifications on the aerodynamic performance and stall margin of a cen-
trifugal compressor. The baseline compressor is a transonic compressor with a relative inlet Mach number of 0.85 
and a Reynolds number of approximately 1.5×106 at the design point. A novel modal shape parametrization tech-
nique was introduced to systematically modify the diffuser vane surface, providing a compact physics-informed 
representation of complex geometric variations. Fourteen design configurations were generated using an optimal 
space-filling (OSF) approach, based on two governing geometric parameters: mode number and mode amplitude. 
A surrogate model was constructed using a genetic aggregation algorithm (GA) technique trained with the nu-
merical dataset, and a multi-objective genetic algorithm (MOGA) was then employed to identify optimal vane 
configurations that simultaneously enhance efficiency and extend stall margin. The results indicated that most 
of the modified designs enhanced both efficiency and operating range compared to the baseline case. These im-
provements are primarily attributed to the alteration of flow separation within the diffuser passage, a reduction 
in the incidence angle, and improved flow uniformity at the diffuser inlet. The optimal vane geometry exhibited 
a consistent aerodynamic performance improvement over the entire operating range, achieving an efficiency 
increase of approximately 4.1% at the design point, along with a 2.722% improvement in stall margin.

1.  Introduction

Turbomachinery plays a critical role in modern engineering systems, 
supporting a wide range of energy conversion and thermal management 
technologies. Among these, centrifugal compressors have been widely 
utilized for more than a century in gas turbines, rotorcraft propulsion 
units, refrigeration cycles, and industrial process plants [1,2]. Their pop-
ularity is primarily attributed to their capability to achieve relatively 
high pressure ratios while maintaining a compact and mechanically ro-
bust configuration. In contrast to axial compressors, which typically 
require multiple stages to reach comparable performance, centrifugal 
compressors operate on a principle of dynamic compression through 
a high-speed rotating impeller. The increasing demand for advanced 
propulsion and energy systems has driven the need for centrifugal com-
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pressors with improved aerodynamic efficiency and enhanced opera-
tional reliability. Consequently, continuous advancements in compres-
sor design methodologies, flow control strategy, and thermal manage-
ment techniques have become essential to meet requirements in the tur-
bomachinery industry.

An effective approach of enhancing the aerodynamic performance 
of centrifugal compressors is the implementation of vaned diffusers, 
which facilitate the conversion of the impeller’s kinetic energy into 
static pressure through controlled flow deceleration [3,4]. In compar-
ison with vaneless diffusers, vaned configurations generally provide 
higher pressure-recovery, particularly near the design operating point. 
However, the geometric constraints imposed by diffuser vanes can lead 
to significant flow non-uniformity within the diffuser passages. This non-
uniformity behavior may narrow the stable operating range and increase 
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Nomenclature

A Mode amplitude
𝐶𝑝 Pressure recovery coefficient
d Diameter of the diffuser vane leading edge
n Mode number
P Pressure
PS Pressure side
SS Suction side
TPR Total pressure ratio
𝑦+ Normalized wall distance

Greek symbols
𝜁 Diffuser pressure loss coefficient
𝜂 Circumferential direction
𝜙 Normalized mass flow rate
Δ𝑆 Entropy production
Δ𝑆𝑀 Stall margin improvement

Sub-, Superscripts
in Inlet
out Outlet
s Static
t Total

the sensitivity of the flow to incidence variations, thereby promoting the 
onset of flow instabilities inside the diffuser passages. These instabili-
ties can trigger rotating stall or surge, leading not only to a reduction 
in aerodynamic efficiency but also, in severe cases, to structural dam-
age within compressor stages [5,6]. Therefore, there is a strong need 
for design strategies capable of improving aerodynamic performance 
while simultaneously broadening the stable operating range of centrifu-
gal compressors.

Various active and passive flow-control strategies have been pro-
posed to reduce flow instabilities and extend the stable operating range 
of both centrifugal and axial compressors. Active flow control involves 
the deliberate addition of external energy into the flow field to mod-
ify and stabilize the internal aerodynamics. Typical approaches include 
modulated pulse jet vortex generator [7], plasma-based actuators, syn-
thetic jet actuators [8], and adaptive tip-injection techniques [9]. Zhang 
et al. [8] proposed an adaptive jet flow-control system that couples 
stator-blade injection with rotor-tip injection in a transonic compres-
sor. Their results demonstrated that, relative to the baseline configura-
tion, the application of adaptive rotor-tip injection led to a noticeable 
improvement in both compressor efficiency and stall margin. In particu-
lar, the stall margin increased by as much as 7% when air injection was 
applied. Ak and Cadirci [9] numerically assessed the performance of a 
centrifugal compressor with a vaned diffuser using suction-based flow 
control under both design and near-stall operating conditions. Suction 
was applied through slots located at different circumferential positions 
and operated at various suction flow rates. Their findings indicated that 
the use of suction flow control resulted in improvements of approxi-
mately 0.85% in pressure ratio and 0.8% in efficiency compared with 
the baseline case. Skoch [10] experimentally investigated the effect of 
air injection into the vaneless region of a transonic centrifugal compres-
sor to increase its operating range. A parametric study was conducted by 
varying the number of injectors, jet mass-flow rate, and injector location 
across different rotational speeds and tip clearances.

In contrast to active flow control methods, passive techniques do not 
require external energy input or additional devices. Instead, flow insta-
bility is enhanced through geometric modifications to the compressor 
stage. Common passive control approaches include grooves and riblets 
[11], blade slots, vortex generators, and different casing treatment con-
cepts [12]. Zhao et al. [12] employed a dynamic mode decomposition 
framework to analyze the global transient behavior of a centrifugal com-

pressor equipped with a self-circulating casing treatment and compared 
it with a baseline configuration. Their results demonstrated that, near 
the stall conditions, the casing treatment suppresses the interaction and 
propagation of upstream and downstream disturbances through an un-
steady suction mechanism. As a result, the growth of tip leakage vortices 
is weakened, leading to improved flow stability near the impeller lead-
ing edge. Adjei et al. [13] proposed an arbitrary-shape volute optimiza-
tion methodology to control circumferential pressure distortions over a 
wide operating range. A series of control points was distributed along 
the volute surface, and a design of experiment approach was adopted 
to explore the design space. The optimized volute geometry resulted 
in a 1.32% improvement in isentropic efficiency compared with the 
baseline case. The influence of blade squealer tips on the stall margin 
and aerodynamic efficiency of a transonic centrifugal compressor with 
a vaned diffuser was numerically investigated by Zamiri et al. [14]. Sev-
eral squealer tip configurations with different cavity depths were exam-
ined for both main and splitter blades. The study revealed that an op-
timal cavity depth increased compressor efficiency and stall margin by 
approximately 0.32% and 1.02%, respectively, relative to the reference 
case. These improvements were mainly attributed to the reduction of 
tip leakage flow and circumferential velocity near the impeller shroud. 
Although a wide variety of passive flow control techniques have been 
proposed for centrifugal compressors, most of existing studies have pri-
marily focused on modifications to impeller flow characteristics or inlet 
duct geometries.

In centrifugal compressors equipped with vaned diffusers, the inter-
action between the impeller and diffuser creates highly complex and 
unsteady flow characteristics near the diffuser throat, which are con-
vected into the diffuser passages by the rotating impeller. In addition, 
due to the shape of the diffuser passages, the flow tends to be separated 
and fully turbulent. Previous investigations have shown that reduction 
of impeller/diffuser interaction and controlling separated flow within 
the diffuser passages [4,15,16] are key factors for improving both aero-
dynamic performance and compressor operating stability.

A limited number of experimental and numerical investigations have 
addressed the application of passive flow control techniques to com-
pressor diffuser vanes. Zamiri et al. [17] proposed a two-dimensional 
cavity on the suction side of a diffuser vane to improve compressor 
performance. Three geometric parameters, cavity depth, distance from 
the vane leading edge, and cavity width, were considered as design 
variables. Using a genetic aggregation optimization scheme, they ob-
tained an optimal configuration that improved aerodynamic efficiency 
by about 1% and increased the stall margin by 3.94% compared with 
the baseline design. Cui et al. [18] applied hub endwall contouring 
based on sinusoidal and Bezier curves with three geometric parame-
ters, namely peak height, frequency coefficient, and peak radial po-
sition. Their results showed that the optimal endwall contouring ex-
tended the low mass flow operating range by up to 40% relative to 
the reference case. Zamiri et al. [19,20] also examined the effects of 
inclined leading edge diffuser vanes (ILEDVs) in a transonic compressor 
on the efficiency and stall margin improvement. An inclination angle 
of 30 degrees enhanced both design-point efficiency and stall margin 
by approximately 2.6% and 4%, respectively. Furthermore, the ILEDV 
configuration reduced the strength of the interaction between the im-
peller trailing edge and diffuser leading edge, resulting in lower pres-
sure fluctuations and reduced aeroacoustic noise. Han et al. [21] stud-
ied the influence of vortex-induced losses in pipe diffusers with vari-
ous design parameters for a high-pressure ratio centrifugal compressor. 
They demonstrated that decreasing the diffuser inlet-to-impeller exit ra-
dius ratio weakens hub-side vortices and reduces low-momentum flow 
regions near the hub, thereby improving diffuser performance. Zhang 
and Qi [22] investigated the impact of vane endwall clearances on cen-
trifugal compressor efficiency. Although the endwall clearance reduced 
peak efficiency by about 2.7%, it increased the choke mass flow rate 
by nearly 20% at low rotational speeds compared with an ideal diffuser 
vane without clearance. Despite numerous experimental and numerical 
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Fig. 1. Meridional view of the NASA CC3 centrifugal compressor.

studies reporting on diffuser vane optimization to enhance compressor 
stability and aerodynamic performance, most efforts have focused on 
modifying diffuser type or vane orientation angles, which may introduce 
trade-offs in aerodynamic efficiency and pressure ratio. To the best of 
the authors’ knowledge, this work represents one of the first attempts 
to employ modal shape-parameterization techniques to the surface opti-
mization of diffuser vanes. Compared with conventional parameteriza-
tion methods reported in the literature [23–26], the proposed approach 
can reduce the number of design variables while preserving the capa-
bility to represent complex geometric variations, thereby improving the 
computational efficiency of the optimization process.

In this study, a coupled CFD-RANS and modal shape parameteriza-
tion optimization framework is developed to improve the surface geom-
etry of a centrifugal compressor diffuser vane with the aim of enhancing 
both efficiency and stall margin. Three-dimensional, steady, compress-
ible RANS simulations are carried out using Simcenter STAR-CCM+ 
V2302 for a series of diffuser vane configurations in a transonic centrifu-
gal compressor. The numerical results for the baseline geometry are val-
idated with experimental data [27] over several operating conditions. 
The novel development of the present work is to assess the potential 
of the integrated RANS and subdivision modal shape parameterization 
approach for improving compressor aerodynamic performance and op-
erating stability. Compressor design has been explored previously using 
problem-specific parameterizations (for example, using surface angles 
or characteristic dimensions such as thickness/chord), but the parame-
terizations here offers greater flexibility to explore spaces that the de-
signer may not have originally envisaged. To this end, the diffuser vane 
surface is parametrized using two principal modal variables: the mode 
number (𝑛) and the mode amplitude (𝐴). Fourteen candidate geome-
tries are generated using an optimal space-filling (OSF) design of exper-
iment (DOE) method. A genetic aggregation optimization algorithm is 
employed to construct a surrogate model, and a multi-objective genetic 
algorithm (MOGA) is then used to determine the optimal vane configu-
ration that simultaneously improves aerodynamic performance and stall 
margin. The proposed CFD-based modal shape optimization framework 
aims to improve the aerodynamic design process by integrating CFD 
with modal shape methodology and to provide a systematic approach 
that can be applied to advanced turbomachinery optimization.

2.  Compressor and modified diffuser configuration

In the present numerical investigation, the NASA CC3 transonic cen-
trifugal compressor, previously tested in the Small Engine Components 

Table 1 
Geometric parameters and operating conditions of the com-
pressor stage.
 Operating conditions
 Total pressure ratio  4:1
 Design mass flow rate  4.56 𝑘𝑔/𝑠
 Impeller
 Rotational speed  21,789 𝑟𝑝𝑚
 Number of blades  15 Main + 15 Splitter
 Inlet tip diameter  210 𝑚𝑚
 Inlet blade height  64 𝑚𝑚
 Impeller exit diameter  431 𝑚𝑚
 Exit blade height  17 𝑚𝑚
 Backsweep angle  50 ◦
 Tip clearance at leading edge  0.154 𝑚𝑚
 Tip clearance at trailing edge  0.203 𝑚𝑚
 Diffuser
 Number of vanes  24
 Vane leading edge radius  1.08 of the impeller exit radius
 Vane height  17 𝑚𝑚
 Divergence angle  7.8 ◦
 Diffuser exit diameter  714 𝑚𝑚

Fig. 2. Computational domain of the centrifugal compressor. Left: full-annulus 
view of the compressor stage showing the impeller and diffuser. Right: single-
passage computational model employed for numerical simulations.

test rig at NASA Glenn Research Center [27], is adopted as the base-
line configuration. The compressor consists of an unshrouded impeller 
followed by a vaned diffuser. The impeller consists of 15 main blades 
and 15 splitter blades, whereas the downstream diffuser includes 24 
two-dimensional wedge-shape vanes. Fig. 1 presents the meridional flow 
path of the compressor. At the design operating point, the impeller ro-
tational speed is 21,789 𝑟𝑝𝑚, delivering a total pressure ratio of 4:1 and 
a mass flow rate of 4.56 𝑘𝑔∕𝑠. The splitter blades are located at the mid-
pitch of main blade passages in the circumferential direction, with their 
leading edges positioned at 30% of the main blade chord. The impeller 
has a non-uniform tip clearance, increasing from 0.154 𝑚𝑚 at the lead-
ing edge to 0.203 𝑚𝑚 at the trailing edge. The diffuser vane leading 
edges are located at a radius corresponding to 108% of the impeller exit 
radius. The vanes extend axially with a passage height equal to that at 
the impeller exit and are designed with a 7.8 ◦ divergence angle. A sum-
mary of the principle geometric parameters and operating specifications 
of the compressor is provided in Table 1, while further details regarding 
the compressor configuration and experimental setup can be found in 
[27,28].

Numerical simulations were performed on a centrifugal compressor 
equipped with a baseline diffuser vane and a modified diffuser vane 
configuration developed through a modal shape parameterization tech-
nique. The computational domain, shown in Fig. 2, consists of three pri-
mary regions: a stationary inlet pipe, a rotating impeller, and a station-
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Fig. 3. (a) Baseline wedge-type diffuser vane, (b) modified diffuser vane obtained using modal shape parameterization technique (generated using mode number 12 
and a normalized mode amplitude of 1.88), (c) comparison of diffuser vane profiles on the mid-span plane for the baseline case and modified case using the modal 
shape parameterization method.

ary diffuser. Fig. 2 provides both a full-annulus view of the compressor 
stage and the single-passage computational model adopted for the nu-
merical simulations. Fig. 3(a) and (b) present the conventional wedge 
diffuser vane and the corresponding modified diffuser vane geometry 
(generated using mode number 12 and a normalized mode amplitude of 
1.88), respectively. It should be noted that the modal parameterization 
was applied directly on the three-dimensional vane surfaces. As illus-
trated in Fig. 3(c), two geometric parameters, the mode number (𝑛) and 
the mode amplitude (𝐴), are introduced as design variables to investi-
gate the effect of diffuser vane surface shape variations on aerodynamic 
performance and stall margin. It is important to note that the modal 
deformation is applied exclusively to the diffuser vane, while the im-
peller geometry, including both the main and splitter blades, remained 
unchanged throughout the study to isolate the effects of the vane mod-
ifications.

3.  Numerical method

3.1.  Computational grid and boundary conditions

A single-passage configuration was utilized to reduce computational 
cost while enabling increased mesh density within the impeller and dif-
fuser passages. The resulting grids at representative locations in both 
impeller and diffuser sections are shown in Fig. 4. The computational 
grid, generated using Simcenter STAR-CCM+ V2302 software, consists 
of approximately 2,500,000 control volumes. A polyhedral topology was 
employed in combination with 21 prism layers near all solid boundaries. 
This approach is well suited to highly curved and twisted blade geome-
tries, as it improves discretization accuracy through enhanced face con-
nectivity and more isotropic cell quality. As indicated in Fig. 4, local 
mesh refinement was applied near the leading edges of the impeller and 
diffuser blades to better resolve strong curvature, stagnation regions, 
and associated flow gradients. Furthermore, to adequately capture near-
wall effects, the first layer height of wall-normal grid spacing was ap-
proximately 2𝜇𝑚 to control the non-dimensional wall distance (𝑦+) be-
low 2 over the diffuser vane surfaces (Fig. 4), satisfying the requirement 
of the SST (shear stress transport) turbulence closure. It should be noted 
that the overall meshing strategy and grid resolution follow guidelines 
established in the authors’ previous investigations [4,17,19,20].

Periodic boundary conditions are applied using a rotational periodic 
transformation interface about the compressor axis. The impeller rota-
tion is modeled using a rotating reference frame at a constant rotational 
speed of 21,789 𝑟𝑝𝑚. The coupling between the rotating and station-
ary domains is treated using a mixing-plane interface model, which cir-
cumferentially averages flow variables across the interface [29]. Air as 
an ideal gas with a total pressure and total temperature of 1 𝑎𝑡𝑚 and 
288 𝐾, respectively, was set at the inlet. At the outlet, a mass flow rate 

boundary condition is imposed at the design operating point, whereas a 
static pressure boundary condition is applied for off-design conditions, 
including near-surge and choke regimes. All solid walls are defined as 
adiabatic and no-slip boundary conditions. The impeller shroud is spec-
ified with a counter-rotating wall condition to account for the relative 
motion between the rotating impeller and the stationary casing.

3.2.  Solver setup

The three-dimensional, steady, compressible RANS equations were 
solved using Simcenter STAR-CCM+ V2302. The 𝑘 − 𝜔 SST turbu-
lence model formulation was selected as the turbulence model, which is 
widely adopted for turbomachinery applications due to its robustness 
in predicting adverse pressure gradients, flow separations, and com-
plex secondary flows in rotating blade passages [29,30]. A coupled al-
gebraic multigrid (AMG) solver with a second-order spatial discretiza-
tion scheme was used for the diffusive terms of the governing equa-
tions [31]. At the design point, convergence was assumed when the 
normalized residuals of all governing equations fell below 10−5. For off-
design conditions, convergence was assessed based on established cri-
teria [17,32,33], requiring that variations in mass flow rate and total-
to-total efficiency remained within 0.001 𝑘𝑔/𝑠 and 0.3%, respectively, 
over 500 iterations. As described in Section 3.1, the compressor perfor-
mance map, ranging from choke to near-stall conditions, was obtained 
by progressively increasing the outlet static pressure in small increments 
of 600 𝑃𝑎. This procedure ensured stable convergence at each operating 
point with accurately capturing the performance curve. All simulations 
were performed on the University of Bristol high-performance comput-
ing cluster utilizing 64 processing cores, with approximately 30 h re-
quired to obtain the complete compressor characteristic from choke to 
surge for each case.

3.3.  Numerical validation

A grid-independence study was conducted to quantify the effect 
of mesh resolution on the predicted aerodynamic performance of the 
centrifugal compressor. Three meshes were generated for the baseline 
configuration, comprising approximately 1,200,000, 2,500,000, and 
4,700,000 cells. Fig. 5 presents the total pressure ratio and total-to-total 
isentropic efficiency obtained from the RANS simulations for the three 
grid resolutions, along with available experimental data [27] at the de-
sign operating point. As the number of cells is increased from 2,500,000 
to 4,700,000 cells, only marginal variations are observed in both perfor-
mance parameters. Considering the negligible improvement in accuracy 
beyond 2,500,000 cells, alongside the associated increase in computa-
tional cost, the intermediate mesh (2,500,000 cells) was selected for all 
subsequent simulations in this study.
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Fig. 4. Computational mesh distribution at representative sections of the impeller and diffuser passages, along with the 𝑦+ distribution on the diffuser vane surfaces.

Fig. 5. Grid independence test for the baseline centrifugal compressor at the design operating point.

To assess the reliability of the numerical method, the baseline com-
pressor performance map predicted by the numerical simulations is 
compared with the corresponding experimental measurement [27], as 
shown in Fig. 6. It is observed that the present computational framework 
accurately reproduces the overall trends of the compressor characteris-
tics, demonstrating good agreement with the experimental data over a 
wide range of operating conditions, from choke to near-surge.

4.  Optimization method

The pressure recovery of vaned diffusers is strongly dependent on the 
internal flow structures within the passages, with particular sensitivity 
to the onset and extent of flow separation. In transonic centrifugal com-
pressors, wedge-type diffuser vanes are widely used due to their robust 
aerodynamic performance under compressible, shock-dominated flow 

conditions. The diffuser design is characterized by multiple geometric 
parameters, including the leading edge shape, vane camber and blade 
angle, thickness distribution, and radial as well as meridional displace-
ment. However, optimizing of these parameters through computational 
and experimental studies remains challenging because of the high di-
mensionality of the design space. Therefore, an efficient shape parame-
terization method is required to represent the geometry using a reduced 
set of design variables while preserving the essential aerodynamic fea-
tures.

In this study, a multi-objective optimization framework was imple-
mented according to the following procedure: 1) a baseline compressor 
configuration was selected, 2) the design variables and objective func-
tions were selected, 3) the bounds of the design variables were deter-
mined through a preliminary CFD-based sensitivity analysis, 4) a design 
of experiment approach was used to generate a representative set of 
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Fig. 6. Comparison of compressor map characteristics between experimental measurements [27] and CFD simulations for the baseline compressor configuration.

sampling points, 5) a surrogate model was constructed using the CFD-
generated database, 6) the optimal geometric parameters were identi-
fied by maximizing the selected objective functions. Finally, the opti-
mization process was stopped once the optimal point was obtained.

4.1.  Modal subdivision shape parameterization

Optimization requires being able to convert from the vector of design 
variables to the shapes to be explored by the optimizer. Flexibility and 
efficiency are both desired, so that as many possible geometries may be 
explored without an excessive number of design variables, which would 
otherwise increase the dimensionality of the design space unreasonably 
and leave the optimizer with a harder challenge.

Within the context of diffusers, many different configurations have 
been explored [34], but an optimal parameterization is not clear. This 
is in contrast to, for example, aerofoil or wing optimization where pa-
rameterizations are readily available and their capabilities documented 
on established aerofoil libraries [35]. Bespoke diffuser parameteriza-
tions may be considered, using ranges of radii, angles, thicknesses and 
lengths, for example as applied to centrifugal pumps [36], but these limit 
the design space available to the optimization and constrain results to 
what practitioners perceive might be beneficial, rather than leaving this 
open to the optimization to determine.

To resolve this challenge within this work, a modal parameterization 
is employed around subdivision surfaces. However, rather than employ-
ing subdivision control points directly [37], a set of design vectors is 
derived through a singular value decomposition of the subdivision limit 
matrix for an initial surface mesh [38,39]. These design vectors can then 
be summed with the coordinate positions of the initial surface mesh to 
arrive at the query geometry for each step of the optimization. Each 
vector applies global, wave-like deformations to the surface of different 
frequencies. Subdivision is a mesh smoothing and refinement algorithm, 
which defines a limit surface from a coarse surface mesh through a pro-
cess of recursive refinement [40,41]. The process works on the basis of 
inserting additional surface nodes between existing nodes in the surface 
mesh, before a smoothing operation is applied over all nodes.

Fig. 7. (a) The stencils used to determine positions of existing and new ver-
tices. (b) The neighborhood of a vertex of valence 6 shown before and after one 
subdivision refinement.

In more detail, for the control point Loop subdivision scheme (from 
which the modal approach is derived) as in Fig. 7, every vertex (the ini-
tial ‘control points’) is replaced by a weighted average of its surrounding 
vertices. The values for 𝛼(𝑁) and 𝛽(𝑁) this stage of the process are found 
using

𝛼(𝑁) = 3
8
+ ( 3

8
+ 1

4
cos 2𝜋

𝑁
)2 (1)

and

𝛽(𝑁) = (1 − 𝛼𝑁 )∕𝑁 (2)

where 𝑁 is the valence of the central vertex. Following this, as shown 
in Fig. 7, new vertices are inserted at edge mid-points, before these new 
points are connected to make new faces.
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This process is applied recursively, so that generating the 𝑛 + 1 level 
from level 𝑛 may be written, with 𝐂 the coordinate vector of the surface 
points, as
𝐂𝑛+1 = 𝐀𝐂𝑛 (3)

and this operation may be nested, with a sequence of (growing) 𝐀 ma-
trices multiplied to give a matrix that maps from any one level through 
many refinements to a final desired level. However, it is also possible to 
apply a limit argument and determine a single matrix that will take any 
vector of input points and map them to their final positions, were the 
refinement process to be repeated an infinite number of times.

The limit positions of each of the surface mesh vertices are still cal-
culated as a weighted average of their starting coordinates and those of 
the surrounding vertices [42]. This allows a single matrix multiplication 
to be written which maps each point on the initial surface to its limit 
position

𝐂∞ = 𝐋𝐂0 (4)

where 𝐂0 gives the initial coordinates of the surface mesh and 𝐂∞ gives 
the coordinates of the limit position of the same points. The limit matrix, 
𝐋, is a sparse smoothing matrix, which contains adjacency information 
(in similar form to the original 𝐀 matrices, but with modified weights 
that take account of the limit behavior). The limit matrix is suitable 
for singular value decomposition, and therefore the subdivision control 
points themselves are not used directly here; rather, the connectivity 
information present in the subdivision scheme is used for construction 
of the orthogonal space via these modes.

The singular value decomposition of this sparse matrix may be writ-
ten as
𝐋 = 𝐔𝐒𝐕∗ (5)

where 𝐔 is a matrix whose columns are an orthogonal basis in the col-
umn space of 𝐋; 𝐒 is a diagonal matrix of singular values; and 𝐕∗ is 
the conjugate transpose of 𝐕, a matrix whose columns are an orthog-
onal basis in the row space of 𝐋. The columns of 𝐔 can be used as a 
set of orthogonal design vectors of increasing frequency which can be 
scaled with an amplitude and summed with the surface mesh coordi-
nates to apply smooth deformations. These design vectors can be de-
fined as the modes. For reference, mode numbers can be given to the 
successive columns.

To reduce the dimensionality to align with the low numbers of design 
variables that were used, the deformations were kept constant across 
the height of the diffuser vane upper and lower surfaces. Modes were 
computed for the two-dimensional projection of the geometry, which 
could then be extrapolated over the height of the vane. The upper and 
lower surfaces were allowed to deform without geometric constraints. 
Due to the variation in mesh density across the vane, the deformations 
at the leading edge of the vane were of higher spatial frequency. It was 
expected that this variation would be beneficial, as the objective was 
found to be more sensitive to geometric changes at the leading edge.

An important question in using a modal decomposition to reduce 
the dimensionality of the design space is how much of the higher di-
mensional space can still be accessed by the optimization. Reducing 
dimensionality benefits the numerical process, but there is inevitably 
a corresponding reduction in available design space. Using the modal 
subdivision method and for a library of over 1000 aerofoils, geometric 
reconstruction to within a standard wind tunnel geometric tolerance has 
been explored by Lovett et al. [38], with results indicating that using 20 
modes allows over 90% of the library to be reconstructed within toler-
ance, as defined by Kulfan [43]. This of course does not imply the same 
for vane geometries, which differ from aerofoils and for which no test 
library easily exists. Nonetheless, the implication is that for single-digit 
numbers of modes, the optimal result is unlikely to be within the Kulfan 
tolerance of the true optimum. Despite this, the results of Lovett et al. 
[38] also indicate that for the NACA0012 test optimization, optimiza-
tion results do not improve greatly after 20 modes are used, and impor-
tantly, the majority of the performance improvement is accessed by the 

Table 2 
Specifications of design variables.
 Design variables  Lower bound  Upper bound
 Mode number (𝑛)  1  14
 Mode amplitude (𝐴) −2.25 𝑑  2.25 𝑑

first few modes. The implications for the compressor work here are (i) 
the optimal shape will not be within Kulfan tolerance of the true opti-
mum, and (ii) that despite this, useful improvements are available with 
only single-digit numbers of design modes. This tradeoff is necessary 
to avoid the cost of running RANS optimizations in a high-dimensional 
design space. It is likely, but not guaranteed, that (based on the data in 
[38]) further performance improvements on the order of 10s of % might 
be achievable if it were possible to use 10–20 modes. Therefore, no ex-
plicit modal truncation criterion is used in this work; rather, within the 
tight constraints on the number of modes that may be employed in this 
work, a manual choice is the most pragmatic route.

Fig. 8 shows the first six modes significantly amplified for illustrative 
purposes in the chord normal direction for the vane geometry. Note that 
actual displacement sizes used are also dependent on the modal ampli-
tudes chosen, so real displacements used in computations are smaller 
than shown here, and any apparent crossover in this figure would not 
take place unless amplitudes were set too high. It is convenient to order 
the modes in terms of an ascending mode number, which usually cor-
responds to increasing spatial frequency (note that this may or may not 
correspond to the output ordering from the numerical computation), and 
therefore gives an indication of the number of maxima/minima along 
the surface. Within the set of early frequency modes, it is not straightfor-
ward to determine which may offer the greatest performance improve-
ment, so this question must be answered through the optimization. Also, 
although high frequency deformations in isolation are unlikely to offer 
aerodynamic improvements, the smooth shapes formed through con-
structive or destructive summations of those higher spatial frequencies 
may still offer benefits and ideally should remain included. As Fig. 8 
illustrates, the early modes correspond to increasing spatial frequencies 
of symmetric/asymmetric thickness and camber.

In summary, using a design of experiment approach necessitates a 
small number of design variables. Geometrically orthogonal modes per-
mit this to be effective by giving an efficient coverage of spatial deforma-
tions, and the matrix system that a subdivision surface scheme produces 
is highly amenable to this type of decomposition. Even after a compact 
decomposition of this type, it is still necessary to select those modal de-
formations anticipated to provide the greatest benefits, with the lowest 
frequency shapes likely being the most attractive for this purpose.

4.2.  Design variables and objective functions

As shown in Fig. 3, two key geometric parameters of the diffuser vane 
surface, the mode number and mode amplitude, are selected as design 
variables within the optimization framework. It should be noted that 
the mode amplitude is normalized by the diffuser vane leading edge 
diameter (𝑑). The primary aim of the present study is to enhance the 
aerodynamic performance of the centrifugal compressor through sys-
tematic modifications of the diffuser vane surface geometry. In particu-
lar, the optimization seeks to simultaneously increase the total-to-total 
isentropic efficiency at the design operating condition and extend the 
stable operating range, quantified in terms of the stall margin. Accord-
ingly, these two performance metrics are defined as objective functions 
and are maximized during the optimization process. The lower and up-
per bounds of the design variables are listed in Table 2, which were 
carefully selected following preliminary geometric assessment of the 
deformed diffuser vane surfaces. These bounds restrict the accessible 
design space that produces physically feasible configurations. Although 
the modal parameterization allows the pressure and suction surfaces to 
deform freely, increasing the modal order or modal amplitude beyond 
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Fig. 8. Plots of the first six design variable deformations summed with the original coordinates of the vane. The geometry has been rotated by 45◦ anticlockwise and 
scaled 3× in the new rotated 𝑦 direction for visualization purposes.

Fig. 9. Schematic illustration of selected diffuser vane configurations modified via modal shape parameterization.

Table 3 
Specifications of the various design cases by the DoE ap-
proach.

 Case Number  Mode Number (𝑛)  Mode Amplitude (𝐴∕𝑑)
 1  1  0.18
 2  2  1.54
 3  3 −1.88
 4  4 −0.52
 5  5  0.86
 6  6  2.25
 7  7 −1.54
 8  8 −0.18
 9  9  1.20
 10  10 −2.25
 11  11 −0.86
 12  12  1.88
 13  13  0.52
 14  14 −1.20

the selected limits results in intersections between the pressure and suc-
tion surfaces, particularly near the leading edge of the diffuser vane, 
where larger modal amplitudes and higher spatial frequency deforma-
tions were found to produce geometric interference. Consequently, ge-
ometric feasibility in the present optimization is therefore controlled 
primarily through a priori restriction of the modal design space rather 
than through an explicit surface-intersection constraint evaluated at ev-
ery optimization iteration. The modal basis was limited to the first 14 
modes, which provides sufficient geometric flexibility while maintain-
ing physically realistic and manufacturable diffuser geometries.

4.3.  Design of experiment

The objective of the DOE approach is to identify a minimal represen-
tative set of sampling points that enables the accurate construction of a 

response surface. In the current study, an optimal space-filling (OSF) 
DOE approach was employed to efficiently explore the design space 
[44]. The OSF approach is based on Latin Hypercube sampling (LHS). It 
is first generated as a standard LHS design and then refined through an 
iterative optimization process. During this refinement, the fundamental 
properties of LHS are preserved (no overlap of samples within rows or 
columns), while the spatial distribution of points is improved by maxi-
mizing the distance between samples. As a result, the OSF design pro-
vides a more uniform coverage of the design space, allowing the key 
design trends to be captured with a limited number of simulations. In 
this work, fourteen design configurations were generated using the OSF 
method and evaluated by the CFD approach, as summarized in Table 3. 
Fig. 9 illustrates selected representative geometries in comparison with 
the baseline diffuser vane. The modified configurations exhibit distinct 
geometric deviations, particularly a wavy deformation near the lead-
ing edge, which arises from the applied modal shape parameterization 
technique.

4.4.  Genetic aggregation response surface methodology

After completing the numerical simulations for all configurations 
generated through the DOE, a response surface methodology (RSM) was 
used to establish a statistical relationship between the design variables 
and the objective functions. To construct the surrogate model, a genetic 
aggregation (GA) technique was adopted [45]. This approach belongs to 
the class of ensemble meta-modeling methods, in which multiple surro-
gate models are combined to improve predictive performance. The GA-
based framework automatically selects and combines candidate meta-
models by using a genetic algorithm. In this process, a population of sur-
rogate models is generated and evaluated simultaneously using GA ap-
proach with a specified maximum relative error tolerance of 1%. To sat-
isfy this accuracy criterion, the GA algorithm generates five additional 
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refinement points, while these points are then used to cross-validate 
the predictive accuracy of the response surface. The fitness function of 
each meta-model is assessed based on both its prediction accuracy at 
the sample points and its overall robustness. The coefficient of determi-
nation (𝑅2) of the final GA response surface is 0.988, indicating good 
predictive performance. The resulting ensemble response surface is then 
expressed as a weighted average of the individual surrogate predictions: 

𝑦𝑒𝑛𝑠(𝑥) =
𝑁𝑀
∑

𝑗=1
𝑊𝑗 .𝑦𝑗 (𝑥) (6)

where ̂𝑦𝑒𝑛𝑠(𝑥) denotes the ensemble prediction, 𝑦𝑗 is the prediction of the 
𝑗𝑡ℎ surrogate model, 𝑁𝑀  represents the total number of meta-models, 
and 𝑊𝑗 (𝑊𝑗 =

∑𝑁𝑀
𝑗=1 𝑊𝑗 = 1 and 𝑊𝑗 ≥0) is the corresponding weight fac-

tor. The optimal weighting coefficients are determined by minimizing 
the root mean square error (RSME) of the ensemble prediction evaluated 
at the DOE sample points:

𝑅𝑆𝑀𝐸(𝑦𝑒𝑛𝑠) =

√

√

√

√

√

1
𝑁𝑀

𝑁𝑀
∑

𝑗=1

(

𝑦(𝑥𝑗 ) − 𝑦𝑒𝑛𝑠(𝑥𝑗 )
)2 (7)

where 𝑥𝑗 denotes the 𝑗𝑡ℎ design point, and 𝑦(𝑥𝑗 ) is the corresponding 
output parameter.

After constructing the surrogate model, a multi-objective genetic al-
gorithm (MOGA) [46–49] was employed to determine the optimal dif-
fuser surface configuration. The adopted approach is based on a hybrid 
implementation of the well-established NSGA-II (non-dominated sorted 
genetic algorithm-II), combined with a controlled elitism strategy to en-
hance convergence while maintaining diversity along the Pareto front. 
This model is capable of handling a wide range of design variables and 
constraints, making it well suited for complex aerodynamic optimiza-
tion problems. In the present study, an initial population of 1000 sam-
ples was generated, and the maximum number of iterations was set to 
20. The optimization converged after 549 evaluations. Convergence was 
achieved when the convergence stability percentage reached 1.52, with 
the maximum allowable Pareto percentage set to 70%, at which point 
the optimization process was terminated.

5.  Numerical results

5.1.  Effects of diffuser vane configuration on compressor efficiency and 
stall margin

Fig. 10 compares the total pressure ratio and total-to-total isentropic 
efficiency of the centrifugal compressor for the baseline diffuser and 
three modified vane configurations generated using the modal shape 
technique. The corresponding experimental data for the baseline case 
are also included in Fig. 10. The cases highlighted in Fig. 10 are defined 
as follows: Case11, which provides the highest isentropic efficiency at 
the design point; Case9, which exhibits the lowest isentropic efficiency 
at the design point together with the smallest stall margin; and Case5, 
which achieves the largest stall margin. The results indicate that varia-
tions in the diffuser vane surface geometry have a pronounced impact 
on both the aerodynamic performance, particularly at the design condi-
tion, and the operating range of the compressor. Case11 shows a con-
siderable improvement in isentropic efficiency not only at the design 
point but also across a wide range of operating conditions. In contrast, 
Case9 exhibits degraded aerodynamic performance relative to the base-
line configuration, accompanied by the lowest stall margin among the 
investigated cases.

Fig. 11(a) and (b) show the normalized pressure ratio and effi-
ciency, respectively, for all designed configurations relative to the base-
line diffuser at the design operating point. The results indicate that 
variations in the diffuser vane surface geometry significantly influence 
both the pressure ratio and performance. Overall, most of the proposed 

designs exhibit improvements in pressure ratio and efficiency com-
pared with the reference configuration. Among the tested cases, Case3 
achieves the largest increase in pressure ratio, with an enhancement 
of approximately 11% relative to the baseline. In terms of efficiency, 
Case11 demonstrates the best performance, showing an improvement of 
about 3.1%.

Fig. 12 shows the variation in stall margin improvement (Δ𝑆𝑀) 
compared to the reference case for all designed diffuser vane geome-
tries. The stall margin is used as a quantitative indicator of compressor 
stability and operating range, reflecting the sensitivity of the flow field 
to modifications of the diffuser surface geometry, and is defined as [50]:

Δ𝑆𝑀(%) = [(1 −
𝑇𝑃𝑅𝑝𝑒𝑎𝑘

𝑇𝑃𝑅𝑠𝑡𝑎𝑙𝑙
×

𝑚̇𝑠𝑡𝑎𝑙𝑙
𝑚̇𝑝𝑒𝑎𝑘

)𝑡𝑒𝑠𝑡 − (1 −
𝑇𝑃𝑅𝑝𝑒𝑎𝑘

𝑇𝑃𝑅𝑠𝑡𝑎𝑙𝑙
×

𝑚̇𝑠𝑡𝑎𝑙𝑙
𝑚̇𝑝𝑒𝑎𝑘

)𝑅𝑒𝑓.]

(8)

where 𝑚̇𝑝𝑒𝑎𝑘 and 𝑚̇𝑠𝑡𝑎𝑙𝑙 denote the mass flow rates at the design point 
and stall, respectively, while 𝑇𝑃𝑅𝑝𝑒𝑎𝑘 and 𝑇𝑃𝑅𝑠𝑡𝑎𝑙𝑙 represent the cor-
responding total pressure ratio. As presented in Fig. 12, only a limited 
number of configurations lead to a reduction in stall margin, whereas 
most of the proposed designs exhibit a noticeable improvement in stall 
margin compared to the baseline compressor. Among all investigated 
cases, Case5 (characterized by a mode number of 5 and an amplitude 
of -0.52𝑑) achieves the largest enhancement, with an increase in stall 
margin of approximately 2.52%. A combined assessment of Figs. 10–12 
further indicates that the influence of diffuser vane surface geometry on 
compressor performance and stall margin is strongly dependent on the 
specific vane configuration.

5.2.  Effects of diffuser vane configuration on the impeller flow field

Before examining the flow structures within the diffuser passage, it is 
essential to evaluate how modifications to the diffuser vane surfaces af-
fect the upstream flow field inside the impeller passages. Fig. 13(a) and 
(b) compare the mid-span pressure distributions within the impeller for 
Case5 (corresponding to the maximum stall margin) and Case9 (corre-
sponding to the minimum stall margin), respectively. As expected, the 
pressure progressively increases from the impeller inlet to the outlet due 
to centrifugal and rotational effects. A detailed comparison indicates 
that both the magnitude and spatial distribution of pressure within the 
impeller passages remain nearly identical for the two configurations. 
This observation shows that the geometric modifications applied to the 
diffuser vanes have a negligible effect on the upstream flow field in-
side the impeller. Such behavior is consistent with the characteristics 
of transonic centrifugal compressors, where a shock-induced wake typi-
cally forms near the diffuser throat and blocks the upstream propagation 
of flow disturbances originating from the diffuser passages. A similar 
trend was reported in previous studies on cavity optimization of diffuser 
vanes [17], in which the upstream impeller flow remained unaffected 
by downstream geometric alterations.

5.3.  Effects of diffuser vane configuration on flow characteristics within the 
diffuser passages at design point

One of the primary factors governing compressor performance and 
stability is the development of low-momentum and separated flow re-
gions within the diffuser passages. Fig. 14 illustrates the velocity mag-
nitude contours at the mid-span cutting plane of the diffuser passages 
for the baseline and all modified diffuser configurations. As observed 
in Fig. 14, low-velocity regions, represented by the dark blue contours, 
appear inside the diffuser passages in all cases, indicating different lev-
els of flow separation. For the baseline diffuser vane, flow separation 
originates near the leading edge of the diffuser vane on the suction side 
and progressively extends downstream toward the trailing edge. This be-
havior is mainly associated with the adverse pressure gradient and the 
impeller/diffuser interaction. For the modified geometries, although the 
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Fig. 10. Centrifugal compressor performance map for the baseline and three modified vane configurations.

Fig. 11. Comparison of aerodynamic performance between the designed configurations and the baseline case: (a) total pressure ratio gain, (b) total-to-total efficiency.

extent of the low-momentum region is generally reduced, its spatial dis-
tribution varies depending on the vane shape. In several cases, the sepa-
ration zone shifts between the suction and pressure sides, reflecting the 
sensitivity of the internal flow structure to variations in leading edge po-
sition and vane camber. Case5, corresponding to the maximum improve-
ment in stall margin, exhibits a markedly smaller separated region that 
is displaced downstream toward the diffuser exit. In addition, the veloc-
ity distribution at the diffuser throat becomes more uniform compared 
with the baseline case, suggesting improved flow guidance and reduced 
blockage. In contrast, Case1, Case2, and Case9, which are associated 
with negative stall margin values, exhibit extensive low-momentum re-
gions occupying a significant portion of the diffuser passage. In these 
configurations, the separation zone tends to shift toward the pressure 

side, which can be attributed to the upstream shift of the leading edge 
and the resulting obstruction of the incoming impeller discharge flow. 
Furthermore, Case10 demonstrates the formation of a localized high-
velocity region immediately downstream of the leading edge on the 
pressure side, as indicated in Fig. 14. This feature is indicative of local 
flow acceleration and potential shock formation, which may introduce 
additional aerodynamic losses and flow unsteadiness inside the diffuser 
passage. Overall, the results confirm that modifications to the diffuser 
vane geometry, particularly changes in leading edge geometry and sur-
face curvature, strongly influence the internal flow structure and the 
aerodynamic performance of the compressor.

To evaluate how modifications to the diffuser vane geometry influ-
ence the internal pressure field, normalized static pressure contours at 
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Fig. 12. Comparison of stall margin improvement for all designed cases.

the mid-span plane of the diffuser passages are compared for the refer-
ence and designed vanes in Fig. 15. The selected designs represent dis-
tinct aerodynamic characteristics: Case3 exhibits the highest total pres-
sure ratio, Case5 provides the best stall margin, Case9 corresponds to 
the worst stall margin and efficiency, and Case11 delivers the best ef-
ficiency. For most designed configurations, the pressure magnitude in-
side the diffuser passage increases relative to the reference case, with 
the exception of Case9. Among all cases, Case3 shows the most pro-
nounced pressure rise. A notable difference is observed in the stagna-
tion pressure distribution near the diffuser leading edge, which varies 
significantly between the cases. In the reference case, a large and nearly 
symmetric stagnation region forms around the leading edge. This high-
pressure zone redirects the incoming flow toward the circumferential 
direction and reduces the effective diffuser throat area, thereby promot-
ing the development of flow separation on the pressure side immediately 
downstream of the leading edge. Application of the modal shape tech-
nique alters both the leading edge geometry and its position, leading 
to substantial changes in the stagnation pressure distribution. In Case9, 
the leading edge is displaced toward the suction side surface, and the 
resulting curvature downstream of the leading edge induces a strong re-
circulation region and an extended low-pressure zone. As a result, flow 
separation develops along the entire suction side surface, consistent with 
the flow structure previously identified in Fig. 14. In contrast, the other 
designed cases exhibit a smaller stagnation pressure region compared to 
the baseline configuration, with the stagnation point displaced toward 
the pressure side. This redistribution contributes to a more favorable 
flow structure within the diffuser passage.

To evaluate the impact of diffuser vane surface modifications on flow 
separations and associated aerodynamic loss mechanisms within the dif-
fuser passages, the pressure recovery coefficient and total pressure loss 
coefficient were computed for all designed configurations relative to the 
baseline case, as presented in Fig. 16(a) and (b), respectively. The pres-
sure recovery coefficient (𝐶𝑝) and total pressure loss coefficient (𝜁) are 
defined as:

𝐶𝑃 =
𝑃𝑡,𝑜𝑢𝑡 − 𝑃𝑠,𝑖𝑛

𝑃𝑡,𝑖𝑛 − 𝑃𝑠,𝑖𝑛
(9)

𝜁 =
𝑃𝑡,𝑖𝑛 − 𝑃𝑡,𝑜𝑢𝑡

𝑃𝑡,𝑖𝑛 − 𝑃𝑠,𝑖𝑛
(10)

where 𝑃𝑡 and 𝑃𝑠 denote the total and static pressures, respectively, and 
the subscripts 𝑖𝑛 and 𝑜𝑢𝑡 refer to the inlet and outlet of the diffuser pas-
sage.

As illustrated in Fig. 16(a), most modified configurations demon-
strate an improvement in pressure recovery compared to the reference 
diffuser, following a trend consistent with overall compressor perfor-
mance enhancement reported in Fig. 11. However, Case7 and Case9 
deviate from this general behavior, corresponding respectively to the 
lowest total pressure ratio and the smallest efficiency improvement. 
Among all cases, Case3 (highlighted in blue) exhibits the most signif-
icant enhancement, with an increase of approximately 9% in pressure 
recovery relative to the baseline. This improvement indicates that the 
applied geometric modification promotes more effective static pressure 
rise within the diffuser passage, consistent with the flow features ob-
served in Fig. 14. In contrast, Case9 shows a negative pressure recov-
ery coefficient, indicating a local pressure deficit within the passages. 
This behavior suggests the presence of strong adverse flow phenom-
ena, including flow separation, which can be attributed to the specific 
leading edge geometry and suction side curvature, as also evidenced in 
Fig. 14. A similar trend is observed for the total pressure loss coefficient 
in Fig. 16(b). While most modified configurations achieve a reduction in 
loss relative to the baseline, Case7 and Case9 show performance dete-
rioration. This degradation is likely associated with enhanced bound-
ary layer thickness and increased secondary flow activity within the 
diffuser passages. Overall, these results highlight the trade-off between 
pressure recovery and loss generation in diffuser design. Furthermore, 
they demonstrate that the application of the modal shape modification 
technique to the diffuser vane surface can effectively improve the dif-
fuser aerodynamic performance.

5.4.  Effects of diffuser vane configuration on flow characteristics within the 
diffuser passages near-stall

Due to the nature of diffuser, boundary layer separation tends to gen-
erate along the vane surfaces within the diffuser passages of centrifugal 
compressors. This phenomenon leads to increased flow unsteadiness and 
enhanced turbulence levels in the affected region. Turbulent kinetic en-
ergy (TKE) is an important indicator for quantifying the intensity of tur-
bulent fluctuations within the flow field. As separation develops, flow 
deceleration and the formation of turbulent eddies contribute to a rise in 
TKE. Fig. 17 shows the distribution of TKE on the mid-span plane inside 
the diffuser passages for the reference and different designed configura-
tions under near-stall condition (𝜙 = 0.88). Note that Case9 represents 
the last stable operating point on the compressor map. The TKE values 
are normalized by the impeller tip velocity. The high-magnitude TKE 
regions, highlighted in red in Fig. 17, originate from flow separation 
near the vane surfaces and extend downstream as the passage expands. 
A noticeable reduction in high-TKE regions is observed for Case5 (max-
imum stall margin) and Case11 (maximum efficiency) compared with 
the reference diffuser. This improvement can be attributed to modifica-
tions in the vane geometry, particularly near the leading edge, which 
promote controlled mixing between the high-energy mainstream flow 
and low-energy near-wall fluid. This mixing mitigates adverse pressure 
gradients and delays the onset of flow separation, allowing the flow 
to remain attached over a longer portion of the vane surface. How-
ever, the effectiveness of these geometric modifications is limited in 
Case9. In this configuration, large-scale separation persists and occu-
pies a significant portion of the diffuser passage, resulting in elevated 
TKE levels. This behavior highlights the strong dependence of separa-
tion characteristics on the specific vane geometry and indicates that 
not all design variations are equally effective in suppressing turbulent 
losses.

Fig. 18(a) presents a comparison of the pressure distribution (blade 
loading) along the mid-span of the diffuser vane for the baseline and 
various designed cases under near-stall conditions, corresponding to 
Fig. 17. The 𝑥-axis shows the normalized streamwise direction, while the 
𝑦-axis represents the normalized static pressure. For Case5 and Case11, 
the blade loading profiles shows a clear improvement relative to the ref-
erence configuration on both the pressure and suction sides, while main-
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Fig. 13. Comparison of pressure distributions on the mid-span plane inside the impeller passages: (a) Case5, (b) Case9.

taining a similar overall distribution shape. In contrast, Case9 exhibits 
a noticeable modification in the blade loading profile compared with 
other designs, accompanied by a substantial reduction in pressure mag-
nitude, particularly in the downstream region. At this off-design condi-
tion, the operating mass flow rate is relatively low compared with that 
of Case9, which operates closer to its stability limit. As highlighted by 
the red dashed circle in the figure, Case9 shows a pronounced pres-
sure drop in the normalized streamwise range of 0.2 - 0.4. This be-
havior is attributed to increased flow blockage and the development 
of a shock structure as the operating condition approaches the surge 
limit.

Fig. 18(b) shows the circumferentially mass-flow-averaged entropy 
production (Δ𝑆𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛) along the diffuser passage from inlet to out-
let under near-stall operating conditions for the reference and designed 
cases. In all configurations, Δ𝑆𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 increases progressively in the 
streamwise direction, which can be attributed to the onset and subse-
quent growth of boundary layer separation within the passage. Case5 
and Case11 exhibit lower entropy production levels than the baseline 
configuration, which is consistent with the performance trends reported 
in Fig. 17. In contrast, Case9 produces the highest entropy magnitude, 
particularly downstream of the normalized streamwise location of ap-
proximately 0.4. This indicates the presence of a fully developed sep-
arated flow region in the passage, in agreement with the flow features 
illustrated in Fig. 18(a).

5.5.  Optimal diffuser vane configuration

The CFD data obtained from fourteen design cases, generated by the 
DOE approach, were employed to construct a surrogate model based 
on the GA algorithm. As described in Section 4.4, a MOGA approach 
was then applied to determine the optimal combination of mode num-
ber and amplitude that simultaneously maximizes isentropic efficiency 
at the design operating point and improves compressor stall margin. 
The resulting Pareto distribution is presented in Fig. 19, illustrating the 
trade-off between compressor efficiency and stall margin improvement. 
The non-dominated optimal solutions defining the Pareto front are indi-
cated by black solid circles. As can be observed, improvements in stall 
margin are generally achieved with only marginal variations in aero-
dynamic efficiency along the Pareto front. For centrifugal compressors 
equipped with vaned diffusers, stall margin enhancement is particularly 

Table 4 
Optimal design variables and objective functions.
 Design variables  Objective functions

Mode number (𝑛) Amplitude (𝐴/𝑑)  MOGA  CFD
𝜂 Δ𝑆𝑀 𝜂 Δ𝑆𝑀

 11 -0.811  86.29  2.726  86.45  2.722

important due to its direct impact on operational stability and safe op-
erating range. Therefore, the present optimization mainly emphasizes 
maximizing stall margin while maintaining efficiency within an accept-
able level. Since the design objective is explicitly prioritized according 
to the operational requirements of the compressor, the selection process 
is deterministic and fully traceable. The chosen optimal solution there-
fore corresponds to the Pareto-optimal design that achieves the largest 
improvement in stall margin without introducing a significant penalty in 
aerodynamic efficiency. This selected optimal design is highlighted by 
the red circle in Fig. 19. The corresponding optimized design variables 
and objective function values predicted by the MOGA, are summarized 
in Table 4. For validation, the isentropic efficiency and stall margin as-
sociated with the optimal configuration were also evaluated using CFD 
simulations. The comparison indicates that the deviations between the 
MOGA predictions and the RANS results are 0.18% for isentropic effi-
ciency and 0.14% for stall margin, respectively. These relatively small 
discrepancies confirm the robustness and predictive capability of the 
proposed CFD-based optimization framework for identifying improved 
diffuser vane configurations under the considered operating conditions.

Fig. 20 compares the aerodynamic performance maps of the com-
pressor for the baseline and optimized diffuser vane configurations. The 
results indicate that the total pressure ratio remains nearly unchanged 
near the choke condition and at the design operating point. However, 
as the compressor operating point approaches the surge limit, the op-
timal configuration exhibits a noticeable increase in total pressure ra-
tio. In contrast, the isentropic efficiency exhibits a consistent improve-
ment across the entire operating range, from choke to surge, when the 
optimized diffuser vane is employed. This enhancement suggests more 
effective flow guidance and reduced aerodynamic losses within the dif-
fuser passage. Moreover, as shown in Fig. 20, the minimum achievable 
mass flow rate is reduced for the optimal configuration, indicating an 
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Fig. 14. Velocity contours on the mid-span plane of the diffuser passages for the baseline and all designed cases (Part 1), (Part 2).

extension of the stable operating range. Overall, this leads to a 2.722% 
increase in stall margin compared with the baseline case, highlighting 
the beneficial impact of the diffuser vane optimization on compressor 
stability.

Fig. 21 presents the velocity field distributions calculated by the 
RANS approach for the optimized vane configuration at the design op-
erating point. The contours are shown on spanwise planes located at 
10%, 50%, and 90% of the vane height within the diffuser passage. As 
the cutting plane moves from the hub toward the shroud, the velocity 
magnitude at the diffuser throat increases, and the high-velocity core 
shifts toward the main passage. At 10% span, near the hub, a separated 
boundary layer is evident on the pressure side of the diffuser vane. At 
mid-span (50%) and near the shroud (90%), this low-momentum region 
becomes weaker and is convected further downstream toward the trail-
ing edge. A comparison between the mid-span results of the optimized 
vane configuration in Fig. 21 and the baseline case (Fig. 14) indicates a 
clear reduction in the low-momentum flow region along the suction side. 

This improvement is attributed to the modified diffuser geometry, which 
suppresses flow separation and delays its onset further downstream.

To assess the effect of the optimal diffuser vane geometry on the 
internal flow structure under off-design conditions, mid-span velocity 
contours at a normalized mass flow rate of 𝜙 = 0.88 are compared 
between the baseline and optimized cases in Fig. 22(a) and (b), respec-
tively. The optimized vane clearly shows a higher velocity magnitude at 
the diffuser throat relative to the baseline design. Moreover, the large 
separated flow region observed in the baseline configuration, indicated 
by the dark blue zone within the diffuser passage, is effectively elimi-
nated in the optimized configuration. The suppression of flow separation 
leads to improved compressor efficiency and an extended stable operat-
ing range. At a lower mass flow rate of 𝜙 = 0.85, the baseline config-
uration fails to maintain a stable operating condition, as evidenced by 
the compressor performance map in Fig. 18. In contrast, the optimized 
vane configuration continues to operate stably. The corresponding mid-
span velocity distribution for the optimized cases is shown in Fig. 22(c). 
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Fig. 14. Continue.

Fig. 15. Comparison of normalized static pressure distributions at the mid-span plane inside the diffuser passages for the reference and four designed configurations.
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Fig. 16. Comparison of the influence of diffuser surface geometric modifications on aerodynamic performance: (a) pressure recovery coefficient, (b) total pressure 
loss coefficient.

Fig. 17. Turbulence kinetic energy distribution on the mid-span plane inside the diffuser passage for various cases under near-stall condition (𝜙 = 0.88).

Although the overall velocity level within the passage decreases com-
pared to the 𝜙 = 0.88 condition, the flow remains well attached inside 
the passage, with no significant separation observed. It is also notewor-
thy that, at 𝜙 = 0.85, the velocity magnitude near the diffuser throat 
increases relative to the 𝜙 = 0.88 condition. This trend is attributed to 
the development of a shock wave at the impeller/diffuser interface as 
the mass flow rate is further reduced.

Fig. 23 presents the normalized static pressure distributions along 
the suction and pressure sides of the diffuser vane for both the baseline 
and optimized configurations under near-stall conditions (𝜙 = 0.88). In 
the optimized design, a general increase in pressure magnitude is ob-
served on both sides of the diffuser vane compared with the baseline 
case. As shown in Fig. 23, the reference configuration exhibits a pro-
nounced low-pressure region near the leading edge on the suction side. 
This feature is associated with flow separation within the diffuser pas-
sage, which promotes the formation of a separated flow zone close to the 

leading edge. As a result, the effective flow area at the diffuser throat 
is reduced, increasing blockage and ultimately triggering the onset of 
diffuser rotating stall. Similar flow behavior has been reported in pre-
vious studies [32,51]. In contrast, the optimal case does not show this 
low-pressure region on the suction surface, indicating a suppression of 
leading edge separation. Furthermore, although a low-pressure region is 
still present on the pressure side in both configurations, its magnitude is 
noticeably reduced in the optimized cases, and the associated separated 
region is considerably smaller. Overall, these modifications suggest a 
more stable flow structure and improved aerodynamic performance un-
der near-stall conditions.

To examine the evolution of flow separation inside the diffuser pas-
sage, contours of entropy production at several streamwise locations 
are presented for near-stall operation (𝜙 = 0.88) for both the baseline 
and optimal configurations (Fig. 24(a) and (b), respectively). The opti-
mized case exhibits a consistent reduction in entropy production across 
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Fig. 18. (a) Blade loading profiles for various diffuser vane configurations at mid-span under near-stall condition (𝜙 = 0.88), (b) circumferentially mass flow-averaged 
entropy production from the diffuser inlet to outlet under near-stall condition (𝜙 = 0.88).

Fig. 19. Pareto front and optimal point.

all surfaces compared with the reference design. In the baseline config-
uration, a region of high-magnitude entropy develops along the suction 
side surface and progressively extends toward the trailing edge, indi-
cating the presence and growth of flow separation within the diffuser 
passage. However, this high-entropy region is noticeably reduced in the 
optimized geometry. This behavior indicates that the modified vane de-
sign effectively suppresses flow separation, promotes reattachment, and 
enhances pressure recovery along the diffuser surfaces.

To further evaluate the influence of the diffuser vane geometry on 
the three-dimensional separated flow within the diffuser passage, Fig. 25 
presents a comparison of the 𝑄𝑐𝑟 isosurfaces for the baseline and op-
timized diffuser configurations. For consistency, a constant 𝑄𝑐𝑟 value 
of 20,000 𝑠−2 was used to generate the isosurfaces for both cases. As 
shown in Fig. 25(a), distinct flow separation structures develop within 
the diffuser passage of the baseline configuration, particularly near the 
pressure side of the diffuser vane, indicating the presence of strong vor-
tical flow associated with boundary layer separation. In contrast, the 
optimized diffuser shown in Fig. 25(b) exhibits a significant reduction 

in these separation structures. The suppression of the separated flow re-
sults in a more attached and spatially uniform flow field throughout the 
diffuser passage, demonstrating the effectiveness of the optimized vane 
geometry in improving the internal flow characteristics and reducing 
flow separation.

The pressure distribution at the diffuser throat plays a key role 
in governing flow separation and blockage inside the diffuser passage 
[50,51]. To assess the effect of the modified diffuser vane on this behav-
ior, the circumferential distribution of normalized pressure at the dif-
fuser throat, 90% span, under near-stall conditions (𝜙 = 0.88) is shown 
in Fig. 26 for both the reference and optimized configurations. For clar-
ity of the flow features, the single-passage computational results have 
been circumferentially duplicated and rotated to enhance visualization 
of the flow structures. Compared with the baseline case, the optimized 
configuration exhibits a wider range between minimum and maximum 
pressure levels, accompanied by a smoother circumferential variation. 
This trend indicates a more gradual pressure recovery and improved 
flow uniformity at the diffuser inlet. These characteristics are consistent 
with local flow deceleration and a more favorable incidence angle at the 
diffuser vanes, which together help delay flow separation and ultimately 
contribute to an increased stall margin.

It has been reported that the stall margin of centrifugal compres-
sors can be improved by increasing the radial velocity component [52]. 
Fig. 27(a) and (b) show the spanwise distributions of radial and tan-
gential velocity components at the diffuser inlet, near the vane leading 
edge, under near-stall conditions (𝜙 = 0.88) for both the reference and 
optimized configurations. The results indicate that the geometric mod-
ification of the diffuser vane significantly alters the diffuser inlet flow 
structure. As shown in Fig. 27(a), the optimal case exhibits a more uni-
form radial velocity profile compared to the baseline case. In addition, 
the magnitude of negative radial velocity near the shroud, associated 
with local reversed flow, is noticeably reduced. The location of zero ra-
dial velocity is also shifted toward a higher span position, moving from 
approximately 0.93 in the reference case to about 0.98 in the optimized 
one. This modification leads to a reduction of flow disturbances inside 
the diffuser passage, which contributes to an extension of the stable op-
erating range. Furthermore, Fig. 27(b) shows that the tangential velocity 
distribution becomes more uniform along the spanwise direction in the 
optimized case, while its overall magnitude increases along the span. 
This helps maintain flow attachment near the shroud and suppresses 
the development of localized reverse flow.
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Fig. 20. Compressor performance map for the baseline and optimal diffuser vane configurations.

Fig. 21. Velocity contour on various spanwise cutting planes within the optimized diffuser vane passage at the design operating condition.
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Fig. 22. Velocity contours on the mid-span plane: (a) baseline case at 𝜙 = 0.88, (b) optimized case at 𝜙 = 0.88, (c) optimized case at 𝜙 = 0.85.

Fig. 23. Normalized static pressure distribution along the suction and pressure surfaces of the diffuser vane for the baseline and optimal configurations under 
near-stall condition (𝜙 = 0.88).
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Fig. 24. Entropy production distributions on several streamwise planes along the diffuser passage under near-stall condition (𝜙 = 0.88): (a) baseline configuration, 
(b) optimized configuration.

Fig. 25. Iso-surfaces of 𝑄𝑐𝑟 (=20,000 𝑠−2) within the diffuser passage: (a) reference case, (b) optimized case.
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Fig. 26. Pressure distribution at near-stall condition (𝜙 = 0.88) at 90% span along the circumferential direction for the baseline and optimized configurations.

Fig. 27. Comparison of spanwise velocity profiles at the diffuser throat near the vane leading edge (𝜙 = 0.88) for the baseline and optimized configurations: (a) 
radial velocity component, (b) tangential velocity component.

6.  Conclusions

In this work, the diffuser vane of a transonic centrifugal compressor 
was optimized using a modal shape parametrization approach applied 
to the vane surface. The mode number and amplitude were selected as 
design variables, and a GA surrogate model was constructed from a CFD 
database. A MOGA algorithm was then utilized to identify an optimal 
diffuser vane configuration that improves both aerodynamic efficiency 
and stall margin.

1. The results indicated that modification to the diffuser surface ge-
ometry had a pronounced impact on compressor performance and op-
erating range, while the upstream impeller flow remains largely unaf-
fected. Among the candidate designs, Case3 achieved the highest pres-
sure ratio increase at the design point, reaching approximately 11% rela-
tive to the reference case. Case11 demonstrated the best efficiency (3.1% 
improvement), whereas Case5 showed the greatest enhancement in stall 
margin (2.52%).

2. For the modified geometries, the extent of flow separation within 
the diffuser passage was generally reduced, although its spatial distribu-

tion varied depending on the vane shape. Configurations with negative 
amplitudes with respect to the camber line tended to show improved 
stall margin. This behavior is linked to changes in the leading edge ge-
ometry introduced by the modal shape parameterization, which in turn 
reduces the incidence angle. Consequently, the stagnation pressure dis-
tribution near the diffuser throat is altered, affecting boundary layer 
development and delaying flow separation on the vane surfaces.

3. The analysis of pressure recovery and total pressure loss coeffi-
cients indicated that most of designed cases outperform the baseline 
configuration. In particular, Case3 showed the most significant enhance-
ment relative to the reference case with approximately a 9% increase in 
pressure recovery. Furthermore, TKE distributions at off-design condi-
tions revealed a reduction in high-TKE regions for the modified designs, 
indicating weaker flow separation. This improvement is attributed to 
enhanced momentum exchanged between the high-speed core flow and 
the low-energy near-wall region induced by the modified geometry.

4. The optimized diffuser vane configuration consistently improved 
isentropic efficiency across the entire operating range, with an increase 
of approximately 4.1% at the design point. In addition, the stall margin 
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was extended by about 2.72%, which is attributed to favorable modifica-
tions of the velocity field near the diffuser throat that delays separation 
onset and its downstream propagation.

5. Under near-stall conditions, the optimized design produced a 
wider circumferential pressure variation at the diffuser throat near the 
vane leading edge. This contributes to a smoother pressure recovery 
and improves inlet flow uniformity. Moreover, the optimal vane geom-
etry demonstrated a more uniform radial velocity distribution near the 
leading edge, while the magnitude of reverse flow near the shroud is 
reduced. An increase in the tangential velocity component along the 
spanwise direction further promotes flow attachment near the shroud, 
thereby suppressing local flow reversal.

This work demonstrates the effectiveness of a modal shape 
parametrization technique applied to diffuser vane optimization in en-
hancing compressor stability within a RANS-based framework. Building 
on these findings, future research should focus on detailed flow-physics 
investigation using high-fidelity, time-resolved simulations. Such un-
steady analyzes would provide deeper insight into the mechanisms gov-
erning rotating stall inception and transient flow dynamics inside dif-
fuser channels.
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