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ABSTRACT 

The present paper deals with two different subjects in the 
field of centrifugal compressors, namely impeller design and 
its aerodynamic analysis. The paper provides results of aero-
dynamic design of low specific speed centrifugal compressor 
impellers. The design objective is the improvement of the 
efficiency of a 2D-impeller by means of a 3D-impeller design. 
The design volume flow and isentropic pressure coefficient of 
the 3D-impeller should be similar to the one of the 2D-
impeller. The numerical CFD (Computational Fluid Dynam-
ics) analysis comprises non-dimensional results of overall 
impeller and stage performance as well as flow details 
(circumferentially averaged fluid properties in the impeller 
exit plane). Furthermore, the paper presents the analysis of 
secondary flow development of different impellers in compari-
son with a 2D-impeller of prismatic blade profile. The numeri-
cal analysis focuses on understanding of different development 
of the impeller secondary zone. Results show a direct correla-
tion between the overall performance and secondary flow of 
the different impellers providing more insight into the aerody-
namic philosophy of design of centrifugal compressor impel-
lers.  

NOMENCLATURE 
 
A, As Area, secondary flow area  [m2] 
Cm, mC  Absolute (averaged) meridional velocity [m/s] 

D2, D4,DN Impeller-, diffuser outlet, hub-diameter [m] 
pDR  

ks 

Impeller diffusion rate [-] 

Separation factor (Jet wake model) [-] 
dess mmm &&& ,,  Mass flow, Secondary flow, design mass flow [kg/s] 

W1,tip, W2p Impeller inlet and outlet relative velocity of primary 
flow [m/s] 

n, b, z 
N, Ndes 

Normal, binormal and axial intrinsic coordinate [-] 
Rotational (design) speed [RPM] 

Rn, Rb Meridional curvature, Blade curvature [1/m] 
SV Secondary vorticity [1/s] 
α2, α4 Abs. flow angle Impeller, diffuser  exit [deg] 
β2p, β2, Blade Rel. Flow angle, impeller exit blade angle [deg] 
ηpol, ηs Polytropic and isentropic efficiency [-] 
ϕ  Flow coefficient [-] 
ψs 
ψ,= ηs ψs 

Isentropic pressure coefficient (psi_s) [-] 
Inner pressure coefficient (psi_i) [-] 

ω Total pressure loss coefficient [-] 
Ωs Secondary vorticity [1/s] 
Ω Angular (shaft) speed [1/s] 

ρ2p Fluid density primary flow [kg/m3] 
Θ, Theta Circumferential (wrap) angle [deg] 

m
ms

&

&
=χ  

A
As=ε  

 

 
Secondary mass flux ratio [-] 
 
Secondary flow area ratio [-] 
 

INTRODUCTION  
Low specific speed stages with medium flow coefficient 

being used in application of process and oil and gas industry, 
are specified to ensure aerodynamic requirements such as high 
peak efficiency and large operational range at certain prede-
fined hub-to tip ratio. The centrifugal impeller is the key com-
ponent of such compression stage, see Figure 1 for a merid-
ional and 3D view of an impeller example.  

Impeller optimisation is considered as base of stage opti-
misation. In general, impeller optimisation may follow classi-
cal design rules based on 1D, 2D and 3D calculation method-
ology as can be found in the literature [1],[2],[[3],[4].  

        
Figure 1  3D sketch and meridional sketch of the 2D impeller (left) 
and the RearLoad impeller (right) . 

Despite modern impeller design methodology based on 
automatic multipoint, multi-objective aerodynamic (CFD) and 
mechanical (FEM) optimisation tools [5],[6],[7[,[8], classical 
impeller design is still applied in industry. Therefore, it may be 
recommended to keep analysis and understanding of centrifu-
gal compressor impeller aerodynamics in focus [9]. In aerody-
namic analysis, besides overall performance analysis, the 
evaluation of loss mechanism is of importance. Impeller losses 
can be divided into several groups: Recirculation work loss, 
disc friction, friction loss on wetted surface, incidence loss at 
impeller leading edge, diffusion loss and secondary loss (also 
called passage curvature loss) due to pressure gradients from 
hub to shroud arising from coriolis and centrifugal forces. 
Different loss mechanism may dominate, dependent on the 
impeller flow coefficient [4]. For medium flow coefficient 
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impeller, however, passage curvature loss and friction loss 
may equal each other, which offers large freedom for blade 
loading of basic impeller design. Blade loading is considered 
as a key design parameter and is often defined in a range be-
tween rear and front loading. In general, effect of different 
loading type is well known, however seldom, profound de-
tailed analysis is given to judge important issue such quantita-
tive and qualitative secondary zone parameter. This paper aims 
at the evaluation of the secondary flux and the secondary vor-
ticity for four different impellers. These four impellers have 
nearly the same overall design point pressure rise, design point 
flow coefficient, and nearly the same impeller outlet blade 
angle but comprise a different impeller loading. The first im-
peller features a front loading design (called FrontLoad- and 
FrontLoad_mod-impeller). The FrontLoad_mod-impeller 
comprises the same blade angle distribution and hub merid-
ional contour line as the FrontLoad-impeller but features a 
constricted meridional shroud contour. The third impeller has 
a blade rear loading (called RearLoad-impeller). The last im-
peller features a prismatic 2D-blade design.  

Table 1 gives an overview on the basic data such as blade 
number, and normalised outlet width and normalised outlet 
angle. While the 2D-impeller has 19 blades, the remaining 
impellers are designed with 16 blades. The secondary flow is 
effected by the type of blade loading and will be analysed in 
detail in this paper. Main focus is on analysis of flow field 
performance and secondary zone parameters.  
 

Table 1 Normalised main data of the four different impel-
lers. 

 
 

TWO DIMENSIONAL (2D)-NON-VISCOUS-BLADE 
CALCULATION 

The geometry of the four different impellers are not al-
lowed to be shown due to non-disclosure agreements. Instead 
of presenting the blade angle distribution and meridional con-
tour lines, the results of non-viscid calculations are shown in 
Figure 2 and Figure 3. These two figures give a good indirect 
estimate about the prinicpal differences in blade angle dis-
triubution and the meridional contour lines. According to 2D 
(two-dimensional) non-viscous flow results in the blade to 
blade (S1) plane, the RearLoad impeller features a rear-blade 
loading with constant change of tangential velocity 
(d(RCu)/dm from 30% to 90% nondimensional meridional 
length, see Figure 2.   

The tangential velocity gradient of the FrontLoad-impeller 
lays in between the one of the 2D- and the RearLoad-
impellers. The tangential velocity gradient directly effects the 
static pressure rise as can be seen from Figure 2, where a 
steep pressure gradient across the meridional length is ob-
served for both the 2D and FrontLoad-Impellers. The relative 
shroud Mach number in the first part of the non-dimensional 
meridional length of the RearLoad-impeller, in comparison to 

the 2D-impeller, is slightly reduced, see Figure 3. The shroud 
loading of the FrontLoad-Impeller is strongly reduced in the 
rear part of the meridional length on account of a fast diffusion 
in the first part of meridional flow path. At the hub, the load-
ing is maximum at 20% to 60% meridional length.  
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Figure 2  2D-Non-viscous results: Pressure rise and blade load-
ing of 2D-, RearLoad- and FrontLoad-impeller. 
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Figure 3 2D-Non-viscous results: Relative Mach number of 2D-, 
RearLoad- and FrontLoad-impeller. 
 

The mean hub and shroud velocity is nearly the same for 
both the 2D and RearLoad-impellers but significantly reduced 
at hub for the FrontLoad-impeller while being increased at 
shroud. The reduced mean velocity (see Figure 3) and there-
fore reduced friction loss result in lower entropy production in 
operation towards the choke margin, whereas strong diffusion 
at both hub and shroud of the FrontLoad-impeller may give 
concern to strong risk of separation in operation near surge 
line. 

THREE DIMENSIONAL (3D) VISCOUS CFD-
IMPELLER-CALCULATION 

Steady-State compressible turbulent Navier-Stokes calcula-
tions were performed with commercial Software NUMECA 
Fine Turbo. Details of the numerical methodology and grid 
quality are shown in Table 2. The grid generation comprised 
HOH-topology and orthogonality optimisation in order to 
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maximise grid quality. Numerical boundary conditions at the 
inlet and outlet of the computational domain are total pressure, 
total temperature, flow angle and static pressure.  

 

Table 2  Details of CFD numerical methodology and grid quality. 

Turbulence model Spalart-Allmaras/ kε Chien Low Re 
Descretizsation Central Difference Scheme 
Total Residue [-] Convergence Criteria:  10-3 to 10-4 
Grid  Skewness [deg] Min.19.4 deg, <36 deg: less 0.7% 
Grid Aspect ratio [-] >1000 for less 1.2% of total cells 
Grid  Max. Exp. ratio [-] <3.5 
Grid Cell number Appr.665,000 points 
Inlet  45 x 41 x 57 (pitch-,cord-, stream-wise) 
Diffuser 85 x 41x 69 (pitch-,cord-, stream-wise) 
Rotor 41 x 41 x 101 (main H-grid) 

17 x 41x 177 (O- grid) 

 

 

 

 

 

 

Figure 4  NUMECA CFD-Grid Rotor-Leading edge and trailing 
edge details. 

 

A numerical study with three different grid densities 
(420,000, 665,000 and 1,050,000 grid points) has been per-
formed with the RearLoad-impeller, see Figure 5, concluding 
that the model of medium grid density is sufficient to ensure 
grid independency. CFD Fine Turbo results predict a Rear-
Load-impeller total efficiency peak increase of approximately 
1.5% in comparison with the 2D-impeller, see Figure 6. The 
choke margins of both the RearLoad- and Frontload-impeller 
are increased. The CFD predicted surge margin of the new 
impeller design does not satisfy the expectations, however 
according to previous experience with NUMECA software, the 
surge margin is underpredicted. In comparison with the Rear-
Load- and 2D-impeller, the CFD predicted surge margin of the 
original FrontLoad-impeller is smaller. The 1D-mass averaged 
flow angles α2 and α4

 near numerically predicted surge (hori-
zontal gradient of stage pressure coefficient), are shown in 
Figure 7 in order to judge the risk of vaneless diffuser stall. 
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Figure 5 Results of grid independence study: Left: Total isen-
tropic efficiency at impeller and diffuser exit, right: Work and 
isentropic pressure coefficient.  
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Figure 6 CFD-calculations: Comparison between the 2D-, Rear-
Load, FrontLoad- and FrontLoad_mod-impeller. Left: isentropic 
tot efficiency at impeller outlet (LA) and diffuser outlet (Diff), right: 
Isentropic stage work coefficient and ideal stage work coefficient.  
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Figure 7 CFD calculated absolute flow angle at impeller and 
vaneless diffuser exit: Comparison between the 2D, RearLoad, 
FrontLoad and FrontLoad_mod impellers. Terms a2 and a4 denote 
the flow angle at impeller exit and diffuser exit, respectively.  
 

The impeller exit flow angle does not reach a lower value 
than 15 degree being equal to the Kobayashi diffuser stall 
criteria [11]. Although the outlet metal angles of all impellers 
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are rather close to each other (differences range from -1.9% to 
3.3%, see Table 2), the pressure coefficient of the FrontLoad-
impeller outperforms the RearLoad-impeller. The aerodynamic 
superior behaviour of the RearLoad-impeller over the 2D-
impeller can be also identified by analysis of the flow details 
such as the relative Mach number at impeller inlet. Similar to 
the predicted 2D-non-viscous results, the relative inlet Mach 
number of the 2D-impeller at both hub and shroud is signifi-
cantly higher than for the RearLoad-impeller, see Figure 8. 
Since the impeller exit relative Mach number is nearly the 
same for both impellers, diffusion ratio and therefore the risk 
of flow separation for the RearLoad-impeller is lower than for 
the 2D-impeller. The relatively strong diffusion of the 2D-
impeller directly effects the static pressure rise, similar as 
predicted by 2D-non-viscous calculation. In contrast to the 
2D-impeller results, CFD shows a smooth pressure rise for the 
RearLoad-impeller, see Figure 2. 

 

 
Shroud          Hub         Shroud           Hub 
 
Figure 8 CFD-predicted relative Mach number at impeller inlet 
and exit at design speed and in design point: Left: RearLoad-
impeller, right: 2D-impeller, circle symbols: outlet, cross symbols: 
inlet. Same scale of ordinate-axis is used for both sub-figures. 
 

Impeller and Diffuser Plane Analysis 

For detailed comparison of the different impellers, the 
analysis comprises circumferentially mass flow averaged flow 
properties such as entropy, Mach number and absolute flow 
angle. These fluid properties were investigated at three differ-
ent operational points: the design point (Figure 9), one opera-
tional point near choke line (Figure 10) and one point near 
surge (Figure 11). For the flow field analysis at three different 
operational points, all four impellers have been analysed at 
similar mass flow, see Table 3. For the 2D-impeller, due to 
numerical instability, a CFD calculation at a nondimensional 
mass  flow lower than 0.81 could not be performed. The fol-
lowing conclusions can be drawn for analysis at impeller exit 
in the design point (Figure 9): The RearLoad- and FrontLoad-
impeller feature absolute flow angle profiling being more 
dominant near hub while the 2D-impeller show a rather sym-
metric flow angle profile with maximum peak at 50% blade 
height where the minimum of Mach number can be found for 
all four impellers. Consequently, the 2D impeller shows a 
rather flat meridional flow velocity and therefore rather uni-
form mass flux distribution over blade height in contrary to the 
RearLoad- and FrontLoad-impellers.  

Table 3 Base of comparison at different nondimensional operational 
mass flow.  

 2D  RearLoad Front-
Load 

Front-
Load_mod 

Surge 0.81 0.78 0.76 0.77 
Design 0.98 0.98 0.98 0.98 
Choke 1.22 1.23 1.22 1.21 
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Figure 9 Circumferentially mass averaged flow properties in 
design point. Top: evaluation plane impeller exit (D=1.05 D2), 
bottom: evaluation plane vaneless diffuser exit (D=1.65 D2). 

 
For the 2D- impeller, the non-weighted entropy distribu-

tion shows a significant minimum at 50% while for the other 
impellers, the minimum entropy is shifted towards the hub 
wall (Figure 9). Performing an area weighted averaging, 
would yield in the same efficiency for all four impellers, 
whereas mass flow averaging clearly brings forward the supe-
riority of the 3D designed impeller in terms of entropy mini-
misation. At diffuser exit, the differences between the four 
impellers become stronger in terms of flow angle distribution 
but not in terms of maximum flow angle. For the 2D-impeller, 
the flow angle peak is located towards the shroud wall accom-
panied with a strong downfall towards the hub, whereas for the 
RearLoad-impeller, peak is located at 60% blade height with 
lowest values (Minimum=10°) towards the shroud wall The 
flow angle distribution of the FrontLoad-impeller is in be-
tween those of the RearLoad- and 2D-impeller being also 
more uniform. The Mach number distribution for the four 
impellers is rather similar with peak at 45-55% blade height. 
The 2D-impeller shows the lowest peak Mach number,  how-
ever accompanied with strongly reduced values near hub wall.  

For the impeller analysis near choke condition, the absolute 
flow angle, absolute Mach number and specific entropy  are 
presented in Figure 10. Both the 2D and FrontLoad_mod-
impeller indicate a rather high peak of absolute flow angle at 
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60% blade height, whereas for the RearLoad- and FrontLoad-
impeller, the flow angle peak is reduced by 5-10 degree. The 
FrontLoad-impeller provides the most uniform flow angle 
distribution at both impeller and diffuser exit of all four impel-
lers. The main reason for the low overall efficiency of the 2D-
impeller is the relatively high entropy rate near shroud which 
comes along with a rather low flow angle near shroud. The 
RearLoad-impeller gives the lowest flow angles near shroud 
among the four impellers with relatively high circumferential 
velocity component. This is the reason for the relatively higher 
entropy rate from shroud wall up to 50% blade height. The 
diffuser outlet flow of the 2D-impeller features the strongest 
mixing process with strong redistribution of flow angle having 
a more uniform outlet flow angle at diffuser exit. For the 
RearLoad-impeller, there is further enhancement of the flow 
angle non-uniformity.  
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Figure 10 Circumferentially mass averaged flow properties near 
choke point. Top: evaluation plane impeller exit (D=1.05 D2), bot-
tom: evaluation plane vaneless diffuser exit (D=1.65 D2). 
 
 Comparing the absolute flow angle of the RearLoad- and 
FrontLoad-impeller, the flow inlet conditions into the down-
stream return channel vane system seem superior for the 
FrontLoad-impeller. As expected from the low overall per-
formance, the 2D-impeller shows high entropy rate over the 
entire blade height since already operating close to choke 
while for the 3D-impellers, this operational point is still away 
from choke flow.  
 All impellers feature the similar qualitative and quantita-
tive impeller outlet flow angle near surge operation, see 
Figure 11. The 2D and RearLoad-impeller show slightly 
lower absolute values of Mach number distribution than both 
FrontLoad-impellers. The flow separation of the FrontLoad-
impeller can only be recognised by the increased entropy val-
ues over the blade height but not by the Mach number distribu-
tion.  

 At the diffuser outlet, there is a significant difference be-
tween the FrontLoad-impeller and the remaining impellers: 
While the FrontLoad-impeller shows a very symmetric Mach 
number distribution, for all three other impellers, flow is al-
most detached towards the hub wall. There is no clear explana-
tion for this asymmetric flow angle distribution except for the 
fact, that already at impeller exit, for the FrontLoad-impeller, 
Mach number distribution was most uniform. 
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Figure 11 Circumferentially mass averaged flow properties near 
surge operation. Top: evaluation plane impeller exit (D=1.05 D2), 
bottom: evaluation plane vaneless diffuser exit (D=1.65 D2). 
 
Consequences from the analysis of 1D averaged flow proper-
ties regarding the inlet flow into the return channel system: it 
seems, that despite the fact of low performance near surge 
point, the FrontLoad-impeller provides the most uniform dif-
fuser outlet flow angle, followed by the FrontLoad_mod-
impeller while the RearLoad-impeller shows the most non-
uniform flow angle distribution, especially near choke flow 
condition. The more uniform flow angle distribution of the 
FrontLoad-impellers offers reduced total pressure loss within 
the downstream U-Turn, where due to potential flow field 
effect, the flow near the shroud casing wall is highly prone to 
separate. 
 

Analysis of Flow Field Pattern 

The flow field of a shrouded impeller slightly differs from 
the flow field of an open impeller such that interaction of tip 
clearance flow with the wake flow (imposed by Coriolis and 
Centrifugal forces) is missing. In Ziegler et al. [14],[15], L2F 
(Laser Two Focus) measurements in the impeller exit plane of 
a non-shrouded (open) impeller identified a velocity wake 
pattern (by means of meridional velocity and absolute flow 
angle) that spanned from suction side into the center of flow 
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field being less concentrated towards the suction side corner 
than i.e. for the four shrouded impellers discussed here. 

Comparing the tangential velocity distribution of all four 
impellers, similar flow patterns can be observed at design 
point, see Figure 12. In general, the local peak efficiency in 
impeller exit plane correlates with minimum tangential veloci-
ties. The regions of high tangential velocity suffer from high 
entropy or low efficiency, respectively. As common for cen-
trifugal impellers, highly efficient flow exist in a region to-
wards the pressure side.  

 

 

Figure 12 CFD results: Tangential velocity and locally calculated 
efficiency in S3 plane at impeller exit (D=1.01 D2) in design point. 
From top to bottom: 2D-, FrontLoad-, FrontLoad_mod and  Rear-
Load-impeller at N/Ndes=1.0 in design point. 

 
In case of a 2D-impeller, the flow pattern of tangential ve-

locity and efficiency is rather symmetric. Here, the (efficiency) 
wake is present near the suction side over the whole blade 
height, whereas for the 3D impellers the wake is concentrated 
in the shroud suction corner. The FrontLoad-impeller shows a 
reduced region of high tangential velocity component com-
pared to the RearLoad-impeller where the shroud suction side 
wake span from the corner to nearly 1/3 of the blade height, 
being more concentrated inside the corner. The superiority of 

the FrontLoad-impeller over the 2D and rear-load impeller is 
clearly identified, as shown by the isentropic lines η=0.9 and 
η=0.85 in Figure 12. 

Analysing the meridional component and flow angle in the 
impeller exit plane (see Figure 13), further differences be-
tween the four different impellers are realised: The FrontLoad- 
and FrontLoad_mod-impeller feature the peak of highest abso-
lute flow angle to be located closer to suction side and hub 
wall than the RearLoad- and 2D-impeller.  
 

 
 

 

 
Figure 13 CFD results: Meridional velocity and absolute flow 
angle (shown as white isolines) at impeller exit (D=1.01 D2) From 
top to bottom: 2D-, FrontLoad-, FrontLoad_mod-, and RearLoad-
impeller at N/Ndes=1.0 in design point 

 
The meridional velocity wake and jet area close to the suc-

tion side is very pronounced for the 3D-impellers in contrary 
to the 2D-impeller, whose velocity peak is slightly moved 
towards the blade center. The meridional velocity wake of the 
FrontLoad- and FrontLoad_mod-impeller is somewhat tilted 
and does not span the entire corner as for the RearLoad-
impeller.  
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Secondary Loss Analysis  

For the analysis of flow losses in the S3 plane, the flow 
field is separated into a primary and a secondary zone. Ac-
cording to the definition by Japikse [3], the flow in the primary 
zone is nearly isentropic while the secondary zone comprises 
all fluid losses. Another definition of secondary zone can be 
found in Eckardt [13]: Here, the two zones are described as jet 
and wake. For quantitative calculation of the two zones, one 
flow property is chosen as zone separation criterion. Then, one 
isoline of this variable represents the border between the pri-
mary and secondary flow. Dependent on these two definitions 
there are  two different separation variables in this paper: first 
the local isentropic efficiency (see Eq. 2) to account for sec-
ondary zone definition according to Japikse, as has already 
been applied in Hildebrandt and Genrup [12] and secondly the 
meridional velocity (see Eq. 3) according to the definition by 
Eckardt. 

 
( ) ( ) ppp AWm 222 cos11 βρεχ −=−&  

Eq. 1 

( ) ( )[ ] ss mmthenkzif && =−≤Θ ηη 1,  Eq. 2 

( ) ( )[ ] smsm mmthenCkzCif && =−≤Θ 1,  Eq. 3 

 

For analysis described below, 98% of averaged efficiency 
and 90% of meridional velocity Cm is taken for border defini-
tion between the zones. Areas with a local value below the 
separation value are assigned as secondary zone. One dimen-
sional parameters like secondary area ratio ε or secondary 
mass flow ratio χ are (see Eq. 1) calculated versus non opera-
tional mass flow. 

Effects of Impeller Geometry  In Figure 13, flow fields 
in the S3 planes of the different impellers are plotted. Obvi-
ously, there is for all impellers an area of very low meridional 
velocity on the suction side. This area represents the secondary 
zone, which is not similar for all impellers analysed. The de-
velopment of low kinetic energy zones depends on the acting 
forces, which are influenced by the blade geometry. Develop-
ment of secondary area ratio over a speed line (see Figure 14) 
is similar for all geometries. Thereby the separation criterion 
does not play a role for the basic form of the curve. Only the 
absolute value is influenced.  

In general, secondary flow area fraction and secondary flux 
qualitatively follow the efficiency curves, having a minimum 
near the same flow coefficient as the peak efficiency. In com-
parison with the 3D-impellers, the 2D design has a reduced 
secondary area near design point operation m/mdes=1 (Cm-
based according to Eq. 3), while with help of efficiency based 
criteria, secondary flow area is slightly above the one of the 
RearLoad-impeller. The relatively good performance of the 
2D-impeller may surprise, however one has to consider, that 
the 2D-impeller blade loading is lower than for the 3D-
impeller due to higher blade number. Towards choke, the 
superior characteristics of the RearLoad- and FrontLoad-
impellers overweight the 2D-impeller secondary flow per-

formance in both criteria of flow area fraction and flux frac-
tion, see Figure 14.  

Because of the horizontally positioned leading edge (see 
Figure 1), the 2D-impeller suffers higher incidence loss than 
the 3D-impellers. This higher incidence results in thicker 
boundary layers on the blade suction and pressure side which 
makes the secondary flow rise up. Associated to this effect, 
boundary layer thickness at blade leading edge is enlarged. 
From the onset of blading more low kinetic energy fluid is 
present and is pushed into the secondary zone. The wrapped 
blade leading edge of the 3D-impellers prevents large inci-
dence angles and diminishes development of secondary zone. 
Figure 14 verifies this assumption.  
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Figure 14 Secondary flux fraction and secondary flow area frac-
tion of 2D, RearLoad, FrontLoad and FrontLoad_mod-impeller as 
function of operational mass flow at N=Ndes. 

 
As the secondary zone is the main source of flow losses, 

the mean efficiency in the impeller exit plane decreases with 
growing secondary mass flow ratio. Near design point opera-
tion primary zone, flow is mainly describing the flow charac-
teristic. Therefore the parameter diffusion ratio and deviation 
angle are defined (Eq. 4 and Eq. 5) as 
 
 

p

tip
p W

W
DR

,2

,1=  Eq. 4 

pBladep ,2,2,2 ββδ −=  Eq. 5 
 
 
The diffusion ratio represents the deceleration of the flow. The 
flow can only stand a certain deceleration before separation. 
According to Figure 15, the diffusion ratio of the 2D-impeller 
is increasing rapidly towards smaller flow rates. In comparison 
to the 3D-impeller the maximum diffusion ratio is reached at 
higher m/mdes, thereby narrowing the operational range to-
wards surge.  

The behaviour of wake-tilt can be observed more clearly 
from the secondary vorticity pattern, see Figure 16. Here, the 
hub suction side corner is completely covered by a negative 
secondary vortex.  Secondary vorticity SV is defined by Eq. 6 
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being slightly different to other literature [19], where secon-
dary vorticity is based on the dot product of mean velocity 
vector times rot C. 

 
( ) ( ) ( )zCrotzCzSV ,,, Θ⋅Θ=Θ

rr
 Eq. 6 

 
 

Analyzing the secondary vorticity of the four different ge-
ometries near impeller exit, one can observe only small differ-
ences between the RearLoad- and both FrontLoad-impellers, 
but a bigger deviation for the 2D-impeller, see Figure 16. In 
general, for all impellers, 3 different regions of main secon-
dary vorticity are identified, whereas two of them are due to 
passage vorticity near hub and shroud wall. 
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Figure 15 Deviation angle and diffusion rate of primary flow of 
the 2D and RearLoad-impeller as function of operational mass 
flow at N=Ndes. 

 

In Figure 16, positive secondary vorticity refers to rotation 
in clockwise direction and negative vorticity to counter-
clockwise direction. One small negative vortex is located in 
the shroud suction corner, which in case for the 3D-impellers 
is oriented towards the center of channel. According to Eq. 7 
streamwise vorticity (dot product of vorticity and intrinsic 
streamwise coordinate s, see Lakschminarayana and Horlock 
[16], Brun and Kurz [17]) is dependent on the geometry (nor-
mal curvature RN, binormal curvature RB) and velocity gradi-
ents. In case of 2D-impeller, due to infinitely low meridional 
curvature RN, the first term on right side of Eq. 7 vanishes 
which is one reason for relatively low secondary vorticity and 
therefore rather small secondary flow fraction. 
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Eq. 7 

 

 

 

Figure 16 CFD results: Secondary Vorticity at impeller exit :From 
top to bottom: 2D-impeller, FrontLoad-, FrontLoad_mod- and 
RearLoad-impeller at N/Ndes=1.0 in design point. 

 
Effects of Shroud Leakage Modelling All numerical 
results presented so far have been achieved by CFD calcula-
tions without modelling of  the shroud leakage flow. In case 
that an absolute flow pattern downstream the impeller is aimed 
for (i.e. for a vaned diffuser design) the question arises if the 
effects of more detailed CFD modelling on the outlet flow are 
similar to those effects due to different geometry as discussed 
before in the present paper. For that reason the RearLoad-
impeller has been additionally modelled with the shroud leak-
age flow. The modelling topology of shroud leakage com-
prises of a series of H-type meshes, see Figure 17. Although 
there is efficiency decrease also by the rear hub plate, this 
effect is not considered here, since this leakage flow will not 
effect the impeller flow field. The effect of shroud leakage 
flow on flow field is as follows: The boundary layer flow 
inside the impeller is increased and shifted towards the hub 
wall. The mixing of leakage flow and core flow is dependent 
on the type of flow orientation between leakage and core-flow, 
see Mischo et al. [18], who investigated the effect of leakage 
re-entry on shroud separation.  
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Figure 17 CFD modelling of shroud leakage geometry.  

 
Analysis of the CFD results only show a minor effect of 

shroud leakage modelling on secondary zone flux fraction and 
secondary flow area fraction, see Figure 18. While differ-
ences in the secondary mass flux are almost negligible, dis-
crepancy of the secondary mass flow area is in range of 0.02 to 
0.05 being slightly higher in case evaluated on efficiency. 
Figure 19 and Figure 20 show the differences in meridional-, 
tangential flow field, efficiency and absolute flow angle, based 
on shroud leakage and non-leakage modelling methodology. 
The modelled shroud leakage generates a lower efficient area 
near shroud wall and turns the center of high efficiency isoli-
nes towards the hub wall. Furthermore, the low efficiency in 
the shroud suction side corner is significantly more dominant 
in the calculations with modelled shroud leakage. While in the 
shroud suction side corner of non-leakage modelled geometry, 
absolute flow angle is reduced, in the remaining absolute flow 
is marginally steepened due to elevated meridional velocity 
component. 
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Figure 18 Effect of shroud leakage modelling on secondary flux 
and secondary flow area and deviation angle, RearLoad-impeller 
at N/Ndes=1.0. 
 
 

Since the wake zone is raised in case of shroud modelled 
geometry, the turbulence viscosity level is increased in the 
shroud suction side corner in the place of maximum shear due 
to secondary vorticity, see Figure 21. Interestingly, in case of 
non-modelled leakage, the maximum turbulent viscosity is 
located near the hub pressure side corner, while being reduced 
towards the velocity wake zone. The effect of shroud model-
ling on the secondary flux performance is independent on the 
impeller blade geometry.  

 
 

 
 

  

 

 
Figure 19 Absolute flow angle and meridional velocity in impeller 
exit plane of RearLoad-impeller near design point, top: without 
shroud leakage modelling, bottom: with shroud leakage model-
ling. 

 
 

 
 

 

 

 
 
Figure 20 Isentropic efficiency and tangential velocity in impeller 
exit plane of RearLoad-impeller near design point, top: without 
shroud leakage modelling, bottom: with shroud leakage model-
ling. 
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Figure 21 Ratio of turbulent to laminar viscosity in impeller exit 
plane of RearLoad-impeller near design point, top: without shroud 
leakage modelling, bottom: with shroud leakage modelling. 
 
 
CONCLUSION 

A comparison of centrifugal compressor design has been 
performed based on numerical calculations. Calculation results 
have shown the effect of different meridional curvature, 3D 
geometry effect on overall aerodynamic and flow field per-
formance. For medium flow coefficient impellers with specifi-
cation as relevant for impellers presented here, the secondary 
flow development is qualitative similar. In design point, the 
FrontLoad-impeller provides higher secondary flow area but 
lower secondary flux than the RearLoad- and 2D-impeller. 
Since for medium flow coefficient impellers, the different loss 
mechanisms such as secondary flow loss, diffusion loss and 
friction loss balance each other, there is no clear superiority of 
one blade loading type on the other, as could be presented 
here. For higher or lower flow coefficient either diffusion or 
friction loss may dominate such that one specific blade loading 
type may be preferred. Different development of secondary 
zone is explained by different meridional and blade curvature 
that effect the secondary vorticity and secondary zone parame-
ter as numerically verified. The results of secondary zone 
quantification depend on level of geometry modelling (i.e. 
including or excluding shroud leakage modelling), the geome-
try of impellers but also the definition of secondary zone pa-
rameter, being either based on evaluation of local efficiency or 
meridional velocity. For verification of numerical results of 
the overall performance, the FrontLoad_mod-impeller and the 
RearLoad-impeller are going to be experimentally tested in 
future. 
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