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A New Approach for Centrifugal
Impeller Preliminary Design and
Aerothermal Analysis
This paper introduces a new approach for the preliminary design and aerothermal analy-
sis of centrifugal impellers using a relative diffusion effectiveness parameter. The relative
diffusion effectiveness is defined as the ratio of the achieved diffusion to the maximum
available diffusion in an impeller. It represents the quality of the relative diffusion pro-
cess in an impeller. This parameter is used to evaluate impeller performance by correlat-
ing the relative diffusion effectiveness with the impeller isentropic efficiency using the
experimental data acquired on a single-stage centrifugal compressor (SSCC). By includ-
ing slip, which is appropriate considering it is an inviscid effect that should be included
in the determination of maximum available diffusion in the impeller, a linear correlation
between impeller efficiency and relative diffusion effectiveness resulted for all operating
conditions. Additionally, a new method for impeller preliminary design was introduced
using the relative diffusion effectiveness parameter, in which the optimal design is
selected to maximize relative diffusion effectiveness. While traditional preliminary design
methods are based on empirical loss models or empirical knowledge for selection of dif-
fusion factor (DF) in the impeller, the new method does not require any such models, and
it also provides an analytical approach for the selection of DF that gives optimal impeller
performance. Validation of the method was performed using three classic impeller
designs available in the open literature, and very good agreement was achieved. Further-
more, a sensitivity study shows that the method is robust in that the resulting flow angles
at the impeller inlet and exit are insensitive to a wide range of blockage factors and vari-
ous slip models. [DOI: 10.1115/1.4038876]

1 Introduction

High pressure ratio centrifugal compressors have been widely
used in turbochargers and turboshaft engines because of their
compact size, high efficiency, and wide operating range. Design
considerations for high pressure ratio centrifugal compressor have
been systematically studied by many researchers for decades.
Empirical equations were established for preliminary design of
impellers and diffusers, including Stodola [1], Cordier [2], Herbert
[3], Rodgers [4], and Wiesner [5]. Rodgers and Sapiro [6,7] per-
formed a detailed parametric study on compressor performance
and successfully correlated the efficiency of a single-stage centrif-
ugal compressor (SSCC) with four major parameters: inlet spe-
cific speed, impeller tip diameter, inducer tip relative Mach
number, and exit discharge Mach number. With the help of these
empirical loss correlations and slip estimation, the most essential
aerodynamic parameters and geometric dimensions (including
stage loading, efficiency, surge margin, inlet shroud radius, impel-
ler exit radius, and blade number) could be determined in the pre-
liminary design process.

Since the impeller is essentially a rotating diffusion system, the
diffusion ratio (or reciprocal of the de Haller number) is of great
importance and has been investigated by a variety of researchers
including Rodgers [8], Young [9], and Benvenuti [10,11]. Rodgers
[8] showed diffusion ratios between 1.9 and 2.0 at surge flow
rates, while Young [9] provided guidance for the maximum attain-
able relative diffusion in the discussion of Rodgers of results, as it
applies to three-dimensional impellers. Furthermore, Benvenuti
[10,11] analyzed the data from industrial centrifugal compressors
and provided the guidance for industrial two-dimensional

impellers. In addition to the diffusion ratio, reduced static pressure
and reduced static pressure coefficient are other parameters that
have been used in investigating the secondary flows in rotating
diffusion systems [12], and they are particularly useful for low-
speed machines and pumps.

One challenge in modeling the impeller flow using one-
dimensional (1D) tools is that the actual discharge flow pattern of
impellers is different from the ideal pattern predicted by a poten-
tial flow solver. The existence of a jet-wake flow pattern at the
impeller discharge was introduced by Dean and Senoo [13] and
further confirmed in the studies of Eckardt [14], Krain [15], and
Skoch et al. [16]. The results from Eckardt [14] on a conventional
centrifugal impeller showed a well-conditioned flow in the
inducer, but the development of a wake near the suction surface
starting at the beginning of the radial turn to the impeller exit. The
study performed by Krain [15] and Skoch et al. [16] in modern
backswept impellers also showed similar measurements.

Based on the experimental observation of the jet-wake flow pat-
tern, Dean and Senoo [13] developed a model for the impeller dis-
charge flow where the impeller discharge flow was categorized into
jet flow and wake flow (a two-zone model). The jet flow is modeled
as isentropic and follows the impeller blade, while the wake flow
contains all the losses. Furthermore, Japikse [17] assessed the single-
zone and jet-wake models in evaluating the component performance
in centrifugal compressors. The results showed improved accuracy
and advantages for designs optimized using two-zone modeling.

The inlet conditions for impellers studied by Eckardt [14],
Krain [15], and Skoch et al. [16] are subsonic and free of shocks.
However, modern turbochargers and turboshaft engines are con-
tinuously pushing the boundary of pressure ratio and flow
capacity. Size limitations on the outer diameter lead to larger rota-
tional speeds and result in transonic flow conditions at the com-
pressor inlet, where additional losses due to the interaction of
shock waves and blade surface boundary layers and tip clearance
flow are possible. Investigations by Rodgers [18,19] showed a
drop in impeller peak efficiency (PE) with the increase of impeller
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inlet shroud relative Mach number, and this has prompted several
investigations on transonic impellers.

The flow inside a centrifugal impeller with transonic inlet con-
ditions has been studied by researchers including Senoo et al.
[20,21], Krain et al. [22,23], Ibaraki et al. [24,25], and Hagashi-
mori et al. [26] with conflicting results. The results from Senoo
et al. [20,21] showed the existence of two shock waves, a
detached wave at the impeller leading edge and a passage shock
on the pressure surface, at supersonic flow conditions but with no
deterioration in impeller performance. However, the results from
Krain et al. [22,23] and Ibaraki et al. [24,25] showed increased
loss and size of the wake region from tip leakage flow at the
impeller exit due to the interaction between the shock wave and
the tip leakage flow in the inducer. The results from Hagashimori
et al. [26] showed the presence of an oblique shock at the inducer
leading edge together with a passage shock at the inducer throat.
Additionally, reversed flow near the shroud in the inducer was
present due to the interaction between the shock wave and the tip
leakage flow.

In general, compared to the impeller flow with subsonic inlet
conditions, the flow in transonic impellers is more complex due to
the presence of shock waves, and flow instabilities start further
upstream at the throat of inducer due to the interaction of shock
waves and tip leakage flow. The tip leakage flow plays a more
important role for these machines, both within the impeller and
also at the exit of the impeller. Reversed flow near the shroud in
the inducer may occur due to the presence of shock waves.

2 Scope of the Paper

Despite the complexity of flow inside centrifugal impellers, this
paper demonstrates use of a meanline, 1D approach for impeller
preliminary design and aerothermal analysis. In light of this goal,
a relative diffusion effectiveness parameter is introduced to evalu-
ate the impeller performance at both design and off-design operat-
ing conditions and also to optimize the impeller exit geometry and
velocity triangles during the preliminary design phase. The rela-
tive diffusion effectiveness is defined as the ratio of the achieved
diffusion to the maximum available diffusion in an impeller, and
it can be calculated knowing the static pressure and geometry.
The application of this parameter in the preliminary design phase
and aerothermal analysis of centrifugal impeller performance are
discussed.

3 Methodology

The purpose of a centrifugal compressor is to raise the static
pressure of the working fluid. Rearranging the equation for con-
servation of rothalpy, the enthalpy rise across the impeller for an
adiabatic process is

h2 � h1 ¼
U2

2 � U2
1

2
þW2

1 �W2
2

2
(1)

where h is the static enthalpy, U is the wheel speed, W is the rela-
tive velocity, subscript 1 represents impeller inlet, and subscript 2
indicates impeller exit.

The thermodynamic relationship for enthalpy gives

dh ¼ Tdsþ dP=q (2)

where T stands for static temperature, s is entropy, P is static pres-
sure, and q is density.

Integrating Eq. (2) gives

h2 � h1 ¼
ð2

1

Tdsþ
ð2

1

dP=q (3)

Combining Eqs. (1) and (3), the relationship between static pres-
sure rise and impeller velocity triangles is

ð2

1

dP=qþ
ð2

1

Tds ¼ U2
2 � U2

1

2
þW2

1 �W2
2

2
(4)

The first term on the left-hand side represents the static pressure
rise achieved in impeller. The second term on the left-hand side
represents loss in terms of entropy generation. The first term on
the right-hand side is related to the static pressure rise associated
with the centrifugal effect. The second term on the right-hand side
represents the static enthalpy rise associated with the relative-
frame diffusion that occurs in the impeller.

One advantage of an impeller is that there is always a contribu-
tion to the static pressure rise from the centrifugal effect regard-
less of the flow quality inside the impeller. Even though the
centrifugal effect contributes to the static pressure rise and impel-
ler efficiency, it also undermines the capability of using impeller
efficiency or the traditional diffusion effectiveness as the parame-
ters in evaluating the quality of flow in impeller. As a result, effi-
ciency is not the best indicator for the designer aiming to improve
the aerodynamic design of an impeller.

Thus, relative diffusion effectiveness (e) is introduced as a
parameter used to describe the quality of the flow inside the
impeller. Instead of using reduced static pressure, the relative dif-
fusion effectiveness is defined in terms of diffusion ratio, which is
directly related to the velocity triangles and, thus, reduces the
complexity of its application within the design process. It is
described as

e ¼ RMR=RMRi (5)

where subscript i stands for the ideal case, and RMR represents
the diffusion in terms of relative Mach number ratio to account
for compressibility and is described as

RMR ¼ Mrel 1=Mrel 2 (6)

where Mrel represents the relative Mach number.
Combining Eqs. (5) and (6), the relative diffusion effectiveness

becomes

e ¼ Mrel 2i=Mrel 2 (7)

It is worth noting that the relative diffusion effectiveness is linear
with respect to the relative Mach number ratios at the impeller
exit, which is different from the traditional diffusion effectiveness
obtained in terms of static pressure. Since centrifugal effects con-
tribute to the static pressure rise in radial impellers, the relative
diffusion effectiveness isolates the impeller aerodynamic perform-
ance from the centrifugal effect and provides a more direct metric
for the quality of the impeller aerodynamic design.

3.1 Evaluation of Impeller Exit Relative Mach Number,
Mrel 2. The flow inside the impeller can be categorized as a pri-
mary flow zone and secondary flow zone. The primary flow repre-
sents the well-diffused isentropic flow, and the secondary flow
generates all the entropy and does not contribute to the static pres-
sure recovery. Thus, the primary flow relative Mach number rep-
resents the diffusion in the impeller with high fidelity.

The primary flow relative Mach number could be obtained
using the temperature and pressure information measured at the
impeller inlet with the static pressure measured at impeller exit by

s2p ¼ s1 ¼ sðT1;P1Þ (8)
and

T2p ¼ TðP2; s2pÞ (9)

where subscript p represents the primary flow.
The impeller inlet rothalpy is

I1 ¼ ht1 � U1Vh1 (10)
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in which I is rothalpy, V is the absolute velocity, subscript t stands
for the stagnation condition, and h represents the tangential compo-
nent. Furthermore, for cases with zero prewhirl, the rothalpy at the
impeller inlet equals the stagnation enthalpy at the impeller inlet.

The equation for conservation of rothalpy for an adiabatic pro-
cess gives

I2 ¼ I1 ¼ h2 �
U2

2

2
þW2

2

2
(11)

Impeller relative velocity can then be obtained with

W2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 I1 � h2 þ

U2
2

2

� �s
(12)

In this and the following procedures, all the fluid properties
(including enthalpy, entropy, speed of sound, etc.) are obtained
from the National Institute of Standards and Technology reference
fluid thermodynamic and transport properties database, REFPROP
[27].

3.2 Evaluation of Mrel 2i. The ideal relative Mach number
could be calculated in two different ways depending on the
assumptions used. This section discusses the method based on the
assumption of isentropic flow, zero slip, and no blockage. This
relative Mach number represents the maximum diffusion available
for a given geometry. The procedure is iterative and starts with an
initial guess of impeller exit static pressure, P2;j

T2;j ¼ TðP2;j; s1Þ (13)

h2;j ¼ hðT2j;P2;jÞ (14)

q2;j ¼ qðT2;j;P2;jÞ (15)

where subscript j stands for the jth iteration.
Rearranging the equation for conservation of rothalpy gives

W2i cor;j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 I1 � h2;j þ

U2
2

2

� �s
and (16)

rearranging the equation for conservation of mass gives

W2i com;j ¼
_m

q2;jA2cosb2b

(17)

where A is the effective area at the impeller exit (considering
blade thickness), b2b is the blade angle at the impeller exit, sub-
script cor represents the value obtained from the equation for con-
servation of rothalpy, and subscript com represents the value
calculated from the equation for conservation of mass.

In each iteration, two values of relative velocity, W2i, were
obtained from equations for conservation of rothalpy and conser-
vation of mass. The iteration of impeller exit static pressure occurs
until both the equation for conservation of rothalpy and the equa-
tion for conservation of mass are satisfied. Thus, the ideal relative
Mach number at the impeller exit is calculated using the con-
verged relative velocity and speed of sound at the impeller exit:

Mrel 2i ¼ W2i=a2i (18)

3.3 Evaluation of Mrel 2i slip. The parameter Mrel 2i repre-
sents the maximum diffusion available for a given geometry.
However, due to the inviscid nature of slip, the maximum diffu-
sion obtained based on the no-slip assumption provides an overes-
timation to maximum diffusion. Additionally, the work input by
the impeller is overestimated using the assumption of zero slip.
To mitigate the inconsistency in the work input calculation, a

corrected ideal relative Mach number, Mrel 2i slip is introduced.
This method removes the no-slip assumption. The corrected rela-
tive Mach number represents the diffusion available for a given
geometry, together with a known work input based on the assump-
tions of isentropic flow and zero blockage. The procedure is itera-
tive and includes an outer iteration and an inner iteration. It starts
with initial guess of impeller exit static pressure, P2;j (inner loop)
and slip angle, bslip;k (outer loop)

b2f ;k ¼ b2b þ bslip;k (19)

where b2f is the relative flow angle at the impeller exit, and bslip is
the slip angle.

The relative velocity at the impeller exit considering slip can be
found both by using conservation of rothalpy (as shown in
Eq. (20)) and conservation of mass (as shown in Eq. (21))

W2i slip cor;j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 I1 � h2;j þ

U2
2

2

� �s
(20)

W2i slip com;j ¼
_m

q2;jA2cosb2f ;j

(21)

The static pressure is iteratively adjusted until the relative velocity
is matched from both equations. Then, the total energy is used to
iterate on slip angle. This is done by calculating the absolute
velocity at impeller exit

V2;k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W2i slipcosb2f ;k

� �2 þ U2 �W2i slipsinb2f ;k

� �2
q

(22)

The impeller exit stagnation enthalpy is calculated from static
enthalpy and kinetic energy

ht2;k ¼ h2 þ V2;k
2=2 (23)

The impeller exit stagnation enthalpy obtained from the total pres-
sure and total temperature is

ht2 ¼ hðTt2;Pt2Þ (24)

The slip angle is adjusted until the calculated impeller stagnation
enthalpy matches the measured stagnation enthalpy. Thus, the pro-
cess essentially adjusts the impeller exit static pressure and slip
angle until all the equations for conservation of rothalpy, conserva-
tion of mass, and conservation of energy are satisfied. The cor-
rected ideal relative Mach number at impeller exit is calculated as

Mrel 2i slip ¼ W2i slip=a2i slip (25)

There will be two different values for the relative diffusion effec-
tiveness depending on the slip assumptions used in calculating the
minimum relative Mach number at impeller exit. The relative dif-
fusion effectiveness calculated with Mrel 2i is defined as the rela-
tive diffusion effectiveness without slip

eno slip ¼ Mrel 2i=Mrel 2 (26)

The relative diffusion effectiveness calculated with Mrel 2i slip is
defined as the relative diffusion effectiveness with slip

eslip ¼ Mrel 2i slip=Mrel 2 (27)

Since the maximum diffusion derived from the assumption of
zero slip is an overestimate of what can actually be achieved, eslip

is greater than eno slip.

4 Performance Evaluation

The relative diffusion effectiveness is correlated with impeller
isentropic efficiency using experimental data acquired on a single-
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stage centrifugal compressor. The compressor features a transonic
impeller with backswept blades. The impeller has 17 main blades
and 17 splitter blades. The design operating speed for the com-
pressor is about 45,000 rpm, and the total pressure ratio for the
entire stage is on the order of 6.5. The details of SSCC facility
were documented by Lou et al. [28].

The steady performance is characterized by the total pressure
ratio, total temperature ratio, and efficiency. The performance of
the entire compressor stage is calculated from the area-averaged
measurements acquired at the compressor inlet and exit. The
impeller-only performance is evaluated by using the area-
averaged measurements at the compressor inlet and the impeller
exit condition determined using static pressure measurements at
that location. The total temperature at the impeller exit is assumed
to be the same as that measured at the deswirl exit (stage exit)
based on the adiabatic assumption. The impeller exit total pressure
is derived from the measured total temperature at the deswirl exit,
the inlet mass flow rate, and the area-averaged static pressure
measured at the impeller trailing edge using the continuity equa-
tion and the turbomachinery Euler equation [29]. The compressor
corrected conditions (speed and mass flow rate) [30] and effi-
ciency [31] are calculated using properties for humid air retrieved
from REPROP. The results presented in this section are normal-
ized using the operating condition at design point. The compressor
inlet pressure is measured using highly accurate 2.5 psid modules
with an uncertainty less than 0.12%. Compressor exit pressure is
measured using 100 psid modules with an uncertainty less than
0.05% full scale. This renders the uncertainty in the total pressure
ratio less than 0.2% from 80% to 100% corrected speed. The mass
flow rate is measured using a calibrated bellmouth with uncer-
tainty less than 0.5%.

Figure 1 shows the normalized total pressure ratio versus the
normalized corrected mass flow rate. The results for both the
impeller and the entire stage from 80% to 100% corrected speed
are presented. The PE conditions are represented by the solid
green symbols. The low loading conditions are represented by the
solid blue symbols. The choke conditions are shown as solid red
symbols. Those color schemes are consistent with the rest of fig-
ures presented in this section. Regardless of the variation in the
total pressure ratio for the entire compressor stage relative to the
changes in the loading conditions, the total pressure ratio for
the impeller stays very consistent along the choke line due to the
choked flow in the diffuser.

Figure 2 shows the performance of the impeller and entire com-
pressor stage in terms of isentropic efficiency. Compared to the
entire stage, the impeller operates more efficiently over the entire
operating range, from choke to near surge. There is no obvious

deterioration in impeller efficiency along the choke line as loading
decreases. In fact, at subsonic inlet conditions from 80% to 95%
corrected speed, the impeller efficiency increases as loading
decreases. At design speed with supersonic inlet conditions, the
trend in impeller efficiency lines up with the trend of the entire
compressor stage in that they both increase from choke to PE
condition.

The effect of inlet tip relative Mach number on impeller effi-
ciency was investigated, and the results are shown in Fig. 3. The
inlet tip relative Mach number is mainly determined by the inlet
mass flow rate and prewhirl angle. At supersonic inlet conditions,
the impeller peak efficiency drops with the increase of inlet tip rel-
ative Mach number, and there is about a 0.7 point drop in the peak
efficiency from 95% to 100% corrected speed. This agrees with
the observation from Rodgers [18,19]. However, at subsonic inlet
conditions, the impeller peak efficiency increases as the inlet tip
relative Mach number increases, and there is a 3.2 point improve-
ment in the impeller peak efficiency from 80% to 90% corrected
speed. Additionally, the impeller efficiency is closely related to
loading condition. At design speed, there is about a 1.0 point
change in the impeller efficiency from choke to near surge. At
80% corrected speed, the variation in the impeller efficiency with
loading is about 1.5 points.

The relationship between impeller peak efficiency and inlet tip
relative Mach number is very helpful in optimizing the inducer
size during preliminary design. However, its utility is limited in
correlating the impeller performance to the entire operating range.
Figure 4 shows the relationship between the impeller isentropic
efficiency and the relative diffusion effectiveness without slip.
The impeller efficiency is proportional to the relative diffusion
effectiveness, and this applies to all the operating points from
80% corrected speed to 100% corrected speed. The variation in
impeller efficiency with respect to the changes in loading condi-
tion for each speed line observed in Fig. 3 is associated with the
relative diffusion in the impeller. Despite the differences in
the peak efficiency at various corrected speeds, the slope between
the impeller efficiency and the relative diffusion effectiveness is
similar from 80% to 100% corrected speed. Additionally, for each
0.2-point change in the relative diffusion effectiveness, there is
about a 1.0-point change in the efficiency, which indicates that the
relative diffusion effectiveness without slip is a reliable parameter
in comparing the performance of various impellers.

The correlation between the impeller isentropic efficiency and
the relative diffusion effectiveness with slip is shown in Fig. 5.
There is also a similar trend between impeller efficiency and the
relative diffusion effectiveness with slip. However, the advantage

Fig. 1 Total pressure ratio for impeller and entire stage Fig. 2 Isentropic efficiency for impeller and entire stage
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of using the relative diffusion effectiveness that incorporates slip
is that all the operating points from 80% to 100% corrected speed
are correlated by a single linear fit. This greatly reduces the com-
plexity of using this parameter in analyzing impeller performance.

5 Preliminary Design

In addition to the aerothermal analysis that has been presented,
the relative diffusion effectiveness parameter also offers a new
approach for optimizing the geometry and velocity triangles at
impeller exit during the preliminary design phase. The objective
of the impeller preliminary design is to determine the principle
aerodynamic and geometrical parameters for a required design
duty. Traditional preliminary design methods rely on empirical
loss models, and the selection of diffusion factor (DF) in the
impeller is usually subject to the designer’s experience. The new
method of using relative diffusion effectiveness has zero depend-
ence on empirical loss models, and thus, it reduces the empirical
input parameters needed to simplify the slip model and blockage
factors at the impeller inlet and exit. Additionally, the new method
provides an analytical approach for the selection of diffusion fac-
tor for the optimal design. The workflow for impeller preliminary
design using relative diffusion effectiveness is shown in Fig. 6.
For a given set of design requirements and preselected parameters,
the procedure starts with a wide range of diffusion factors and

calculates the associated value of relative diffusion effectiveness
for each diffusion factor. The optimal preliminary design is
achieved as the diffusion factor gives the maximum relative diffu-
sion effectiveness. With completion of the preliminary design, the
detailed impeller geometry, including the meridional contour and
blade profile, are obtained in the following two-dimensional and
three-dimensional design loop. With the impeller geometry now
available, detailed aerodynamic analyses can be performed to
check if the design meets the requirements.

This new approach was applied to three classic impellers avail-
able in the open literature with the objective being to compare the
optimum designs obtained from the new method based on relative
diffusion effectiveness to the original design choices of three clas-
sic impellers. Furthermore, a sensitivity analysis of the new
method for different slip models and different blockage factors
was performed.

5.1 Validation of the Method. Validation of the present
method was performed using the preliminary design information
of three impellers available in the open literature. The impellers
are representative applications of centrifugal compressors in gas
turbines and turbochargers, and their dimensionless specific speed
varies between 0.53 and 0.81. The first impeller was designed by
Came [32]. The second impeller is the CC3 impeller scaled up
from an Allison Engine Design [33]. The third impeller is the
SRV2-O impeller [34] designed at the German Aerospace Center
(DLR). Came’s impeller and the SRV2-O impeller are high-speed
and high-pressure-ratio machines, while the CC3 impeller is an

Fig. 3 Effect of inlet tip Mach number on impeller efficiency

Fig. 4 Impeller isentropic efficiency versus relative diffusion
effectiveness without slip

Fig. 5 Impeller isentropic efficiency versus relative diffusion
effectiveness with slip

Fig. 6 Workflow for impeller 1D preliminary design using rela-
tive diffusion effectiveness parameter
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intermediate-pressure ratio machine. The inlet condition is sub-
sonic for Came’s impeller and the CC3 impeller, and it is tran-
sonic for the SRV2-O impeller. The principle design parameters
for the three impellers are listed in Table 1.

Came’s impeller has a design mass flow rate of 1.81 kg/s and
rotational speed of 40,000 rpm. The dimensionless specific speed
of the impeller is 0.53, and the total-to-total pressure ratio is 7.65
at design point. The estimated impeller isentropic efficiency is
0.87. The impeller inlet hub radius was set at 30.48 mm. The CC3
impeller was designed to produce a stage pressure ratio of 4.0 at a
corrected mass flow rate of 4.54 kg/s and corrected speed of
21,789 rpm when coupled with a vaned diffuser. The dimension-
less specific speed of the impeller is 0.6. The impeller total pres-
sure ratio at design point is 4.1, and the estimated isentropic
efficiency is 92%. The impeller total pressure ratio and isentropic
efficiency were tabulated from the validated CFD results [35]. As
to the SRV2-O impeller, it produces a total-to-total pressure ratio
of 6.1 at the design speed of 50,000 rpm. The dimensionless spe-
cific speed of the impeller is 0.81, and its estimated efficiency is
0.84. The impeller inlet hub radius was 30 mm. All of the impel-
lers are of advanced design with backswept trailing edges and
splitter blades. A blade count of 17 full blades and 17 splitter
blades was selected in Came’s design. A blade count of 13 full
blades and 13 splitter blades was selected for SRV2-O impeller,
and CC3 impeller features 15 full blades and 15 splitter blades.
The impeller exit blade angles were provided for Came’s impeller
(30 deg backsweep) and the CC3 impeller (50 deg backsweep).
However, instead of blade angle, an impeller exit radius of
112 mm was selected for SRV2-O impeller. There is zero prewhirl
for all the three impellers.

Based upon the design duty listed in Table 1, selection of Wies-
ner slip model [5], and chosen values of blockage factor, the pre-
liminary design program using the method based on relative
diffusion effectiveness calculated the remaining preliminary
parameters necessary for the basic overall design. The output
obtained using the new method is compared to the original design
choices, and the results are listed in Table 2. The impeller inlet
calculations utilized in the new method follow the standard prac-
tice for centrifugal compressor design [36]: minimize the inlet tip
relative Mach number at the design mass flow rate and inlet condi-
tions. The values of the impeller inlet blockage were adjusted to
match the inlet tip relative Mach number provided in the original
designs, and this renders an inlet blockage of 0.095 for Came’s
impeller and an inlet blockage of 0.09 for CC3 and SRV2-O
impeller. The geometry and velocity triangles at the impeller exit
were optimized based on the relative diffusion effectiveness
parameter, and an exit blockage factor of 0.19 was selected for all
three impellers.

At the impeller inlet, the new method calculates a tip radius of
68.9 mm and tip blade angle of 55.6 deg for Came’s impeller,
which are very close to the values of 67.3 mm and 53.8 deg
adopted in the original design. In the case of CC3 impeller, the
new method calculates a tip radius of 109.2 mm which is 4.2 mm
different from the value adopted in CC3 impeller. As to the
SRV2-O impeller, the new method calculates the tip radius of

74.4 mm and blade angle of 65 deg. Those values are similar to
the design choices from DLR, which are 78 mm for inlet tip radius
and 63.5 deg for the tip blade angle.

As to the impeller exit geometry and flow properties, the new
method gives an optimum diffusion factor of 1.6, which is also
the choice in Came’s design. Additionally, the new method calcu-
lates an impeller exit radius of 139.3 mm, with less than 2.0 mm
difference from the selection in Came’s design. In the case of the
CC3 impeller, the method based on relative diffusion effective-
ness calculated the same diffusion factor (1.40) as the design
choice of the CC3 impeller. Additionally, the new method gives
an optimum exit radius of 214.4 mm, with less than a 1.2 mm dif-
ference from the CC3 impeller design. As to the SRV2-O impel-
ler, the new method gives an optimum diffusion factor of 1.7,
leading to an exit blade angle of 39 deg. The value of diffusion
factor was not presented in the literature for the SRV2-O impeller.
However, the backswept angle was 38 deg, which is very close to
the value optimized with the new approach.

Furthermore, in all the three cases, the values for the optimum
absolute flow angle at the impeller exit stay fairly close, within a
tight range between 67.1 deg and 71.2 deg. This agrees well with
the empirical knowledge that the optimal impeller exit flow angles
are between 60 deg and 70 deg, as recommended by Rodgers and
Sapiro [6]. In summary, the new method based on relative diffu-
sion effectiveness provides designs similar to those achieved via
traditional preliminary design methods, as indicated by the similar
impeller geometries and velocity triangles calculated for the three
classic impellers available in the open literature.

5.2 Sensitivity Study. A sensitivity analysis of the present
method to different slip models and to different blockage factors
was performed. The effect of slip models was investigated using
three different models: Stodola [1], Stanitz [37], and Wiesner [5].
The sensitivity study of impeller inlet and exit blockage factors
was performed over a wide range of blockage values, from 0 to
0.25 in increments of 0.05.

Figure 7 shows the effect of the slip models on screening the
optimum preliminary design for Came’s impeller. The optimum
diffusion factor and the corresponding relative diffusion effective-
ness from each slip model are represented by symbols. In these cal-
culations using different slip models, the blockage factors were set
the same, with a value of 0.095 at impeller inlet and 0.19 at impel-
ler exit. The optimum diffusion factors and maximum diffusion
effectiveness calculated from Wiesner’s and Stodolar’s slip models
are very close to each other. However, the slip model from Stanitz
gave significantly higher values for both the optimum diffusion fac-
tor and maximum relative diffusion effectiveness. The optimum
diffusion factor and the corresponding relative diffusion effective-
ness from Stanitz’s slip model are 12% and 5% higher than the val-
ues from Wiesner’s slip model. Recalling that the slip model from
Stanitz was derived from an impeller with radial blades (zero back-
sweep), this is likely the reason for the differences.

In addition to the diffusion factor and relative diffusion effec-
tiveness, other preliminary design parameters from each slip

Table 1 Principle design parameters for the three selected impellers

Description Parameter Came’s impeller CC3 impeller SRV2-O impeller

Rotational speed N (rpm) 40,000 21,789 50,000
Mass flow rate _m (kg/s) 1.81 4.54 2.55
Total-total pressure ratio p12 7.65 4.1 6.1
Isentropic Efficiency gt12 0.87 0.92 0.84
Blade count, full/splitter Zf/Zs 17/17 15/15 13/13
Inlet hub radius R1h (mm) 30.48 41.4 30
Inlet prewhirl a1 (deg) 0 0 0
Exit blade angle ß2b (deg) 30.0 50.0 —
Exit radius R2 (mm) — — 112
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model are listed in Table 3. Since slip model does not affect the
calculations at impeller inlet, the inlet properties and geometry are
the same for all three slip models and are not included. The geom-
etry and flow properties at the impeller exit vary slightly with
respect to the slip model. The impeller exit radius, blade height,
and absolute flow angle from Stodola’s model are almost identical
to those obtained from Wiesner’s model, with less than a 0.2%
difference in magnitude. In contrast, the impeller exit blade height
calculated from Stanitz’s model is about 12% larger than the value
calculated using Wiesner’s model, which is similar to the differ-
ence in diffusion factor. Additionally, the differences in the impel-
ler exit radius and absolute flow angle between Stanitz’s and
Wiesner’s models are much smaller, with a 1.9% reduction in
impeller exit radius and 2.3% increase in the exit absolute flow
angle using Stanitz’s model.

A sensitivity study of the new method to different slip models
for the CC3 impeller was performed, and the results are shown in

Fig. 8. The blockage factors in the calculations were set to be 0.09
at the impeller inlet and 0.19 at the impeller exit. As indicated by
symbols in the figure, the slip models from Stodola and Stanitz
give very similar values in the optimum diffusion factor and peak
relative diffusion effectiveness. Comparing to the model from
Stodola, the slip model from Wiesner gave a reduced optimum
diffusion factor by 2.7% and reduced relative diffusion effective-
ness by 1.9%. In addition, the detailed data output using various
slip models is listed in Table 4. The geometry and flow properties
at the impeller exit vary slightly for the different slip models, with
less than a 2.0 mm variation in exit radius, less than 0.5 mm varia-
tion in blade height, and less than a 1 deg variation in the absolute
flow angle.

Figure 9 shows the effect of the slip model on screening the
optimum preliminary design for SRV2-O impeller, with the opti-
mum design from each slip model indicated by the symbols. The
blockage factors in the calculations were set the same as CC3
impeller, with a value of 0.09 at the impeller inlet and 0.19 at the
impeller exit. For the case of the SRV2-O impeller, slip models
from Stanitz and Wiesner give peak values (local maxima) in the
relative diffusion effectiveness, which are considered as the opti-
mum design case. However, the slip model from Stodola does not
give such a peak value but an inflection point.

The relative diffusion effectiveness obtained from Stodola’s
slip model increases quickly for diffusion factors between 1.2 and
1.5, flattens out around 1.6, and then starts to increase sharply.
Since it is impossible for relative diffusion effectiveness to con-
tinue increasing with the increase of relative diffusion, the inflec-
tion point in the case of Stodola’s slip model is considered as the
optimum design case. The slip models from Wiesner and Stodola

Table 2 Comparison between results from the new method and the original design selections

Came’s impeller CC3 impeller SRV2-O impeller

Description Parameter Original design New method Original design New method Original design New method

Diffusion factor DF 1.6 1.6 1.4 1.4 N/A 1.7
Inlet tip radius R1t (mm) 67.3 68.9 105.0 109.2 78 74.4
Inlet tip blade angle ß1t (deg) 53.8 55.6 — 61.0 63.5 65.0
Inlet tip relative Mach number Mrel_1t 0.98 0.98 0.85 0.85 1.30 1.30
Exit radius R2 (mm) 137.4 139.3 215.5 214.4 112a 112a

Exit blade height b2 (mm) 6.11 6.00 17.0 16.1 10.2 10.5
Exit wheel speed U2 (m/s) 575.4 583.6 492.2 489.2 586 586
Exit blade angle ß2b (deg) 30a 30a 50a 50a 38.0 39.0
Exit absolute flow angle a2 (deg) — 71.2 — 70.7 — 67.1

aRepresents preselected parameters.

Fig. 7 Effect of slip models on screening the optimum prelimi-
nary design for Came’s impeller

Table 3 Sensitivity study of slip models for Came’s impeller

Description Stodola Stanitz Wiesner

Diffusion factor 1.59 1.79 1.60
Exit radius (mm) 139.5 136.7 139.3
Exit blade height (mm) 6.0 6.7 6.0
Exit absolute flow angle (deg) 71.1 72.9 71.2
Exit blade angle (deg) 30.0 30.0 30. 0
Slip factor 0.91 0.94 0.92
Relative diffusion effectiveness 0.64 0.67 0.64 Fig. 8 Effect of slip models on screening the optimum prelimi-

nary design for CC3 impeller
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give very similar values for the optimum diffusion factor and rela-
tive diffusion effectiveness. However, the Stanitz model gives a
slightly lower (1%) value for the optimum diffusion factor and a
higher (3%) value of the relative diffusion effectiveness, com-
pared to the values obtained using Wiesner’s slip model.

Additionally, the rest of the output data at the impeller exit
obtained from different slip models are listed in Table 5. The var-
iations in the geometry and flow properties at the impeller exit
associated with the change of slip model are very small. There is
less than a 3% variation in the impeller exit blade height, and the
variations in the impeller exit blade angle and absolute flow angle
are less than 1 deg, showing that the approach is relatively insensi-
tive to the choice of slip model.

Furthermore, a sensitivity study of impeller inlet blockage fac-
tor was performed for a wide range of blockage values, from 0 to
0.25 in increments of 0.05, and the results are listed in Table 6
(Came’s impeller), Table 7 (CC3 impeller), and Table 8 (SRV2-O
impeller). A constant blockage factor of 0.19 at the impeller exit
and the Wiesner slip model are used for all these calculations.

The results show that the impeller inlet blockage factor has a
negligible effect on the geometry and flow properties at the impel-
ler exit. The impeller exit radius, blade height, and absolute flow
angle remain fairly constant over the entire range of impeller inlet

blockage, with less than a 0.3 mm variation in impeller exit radius
and blade height, and less than 1 deg variation in impeller exit
blade angle and absolute flow angle. The blade angle at the impel-
ler inlet also remains fairly constant, with less than a 1.0 deg
variation in magnitude.

The variation in impeller inlet blockage factor primarily affects
the value of the inlet tip radius and relative Mach number. There
is an approximately 10% increase in the impeller inlet tip radius
as the inlet blockage factor increases from 0 to 0.25. This increase
in the impeller tip radius renders a higher inlet tip relative Mach
number and a higher relative diffusion ratio across the impeller.
The increase in the impeller inlet tip relative Mach number and
diffusion factor is about the same as the increase in the impeller
inlet tip radius.

At last, a sensitivity study on the blockage factor at the impeller
exit was performed over the same range (from 0 to 0.25), and the
results from the three impellers are listed in Table 9. The same
slip model from Wiesner was selected, and a constant inlet block-
age factor of 0.09 was used. The impeller exit blockage factor
only influences the blade height at the impeller exit. As the impel-
ler exit blockage increases, the percentage of effective flow area
decreases, and thus, requires an increased blade height at the
impeller exit. There is an approximately 35% (Came’s impeller)
and 33% (CC3 and SRV2-O impeller) increase in the blade height
as the blockage factor increases from 0 to 0.25 at the impeller
exit.

In summary, the slip model does not affect the calculations at
the impeller inlet, and its effect on the calculations at impeller exit

Table 4 Sensitivity study of slip models for CC3 impeller

Description Stodola Stanitz Wiesner

Diffusion factor 1.44 1.45 1.40
Exit radius (mm) 212.9 212.5 214.4
Exit blade height (mm) 16.5 16.6 16.1
Exit absolute flow angle (deg) 71.1 71.2 70.7
Exit blade angle (deg) 50.0 50.0 50.0
Slip factor 0.93 0.93 0.93
Relative diffusion effectiveness 0.74 0.74 0.72

Fig. 9 Effect of slip models on screening the optimum prelimi-
nary design for SRV2-O impeller

Table 5 Sensitivity study of slip models for SRV-O impeller

Description Stodola Stanitz Wiesner

Diffusion factor 1.71 1.68 1.70
Exit radius (mm) 112.0 112.0 112.0
Exit blade height (mm) 10.6 10.3 10.5
Exit absolute flow angle (deg) 67.4 66.5 67.1
Exit blade angle (deg) 38.9 39.9 39.0
Slip factor 0.91 0.92 0.91
Relative diffusion effectiveness 0.57 0.59 0.57

Table 6 Sensitivity study of B1 for Came’s impeller

Parameter Values

B1 0 0.05 0.1 0.15 0.2 0.25

DF 1.55 1.57 1.6 1.63 1.67 1.7

R1t (mm) 66.8 67.9 69.1 70.3 71.7 73.2

ß1t (deg) 57.5 57.5 57.6 57.5 57.7 57.7
Mrel,1t 0.95 0.96 0.98 0.99 1.01 1.04

b2 (mm) 6.0 6.0 6.0 6.0 6.1 6.0
a2 (deg) 71.2 71.1 71.2 71.2 71.3 71.3
R2 (mm) 139.3 139.4 139.3 139.3 139.3 139.3

Note: Boldface rows represent the parameters that change with respect to
the change of inlet blockage factor.

Table 7 Sensitivity study of B1 for CC3 impeller

Parameter Values

B1 0 0.05 0.1 0.15 0.2 0.25

DF 1.36 1.38 1.4 1.43 1.45 1.49

R1t (mm) 105.7 107.5 109.4 111.6 113.7 116.4

ß1t (deg) 60.8 60.8 60.9 61.0 61.0 61.2
Mrel,1t 0.83 0.84 0.85 0.87 0.89 0.91

b2 (mm) 16.1 16.0 16.0 16.0 15.9 16.1
a2 (deg) 70.7 70.7 70.6 70.7 70.5 70.7
R2 (mm) 214.3 214.4 214.5 214.4 214.6 214.4

Table 8 Sensitivity study of B1 for SRV2-O impeller

Parameter Values

B1 0 0.05 0.1 0.15 0.2 0.25

DF 1.64 1.68 1.72 1.74 1.78 1.82

R1t (mm) 72.0 73.3 74.7 76.2 77.9 79.7

ß1t (deg) 64.7 64.9 65.1 65.1 65.4 65.5
Mrel,1t 1.26 1.28 1.31 1.33 1.36 1.39

b2 (mm) 10.4 10.6 10.7 10.5 10.6 10.6
ß2b (deg) 38.7 39.2 39.6 39.1 39.2 39.3
a2 (deg) 66.9 67.2 67.5 67.1 67.2 67.2
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is also minor. In all three cases, the method provides similar
results of flow angles at the impeller inlet and exit regardless of
the choice of slip models. As to the effect of blockage factors, the
dominant effect from inlet blockage is on the inlet tip radius and
associated relative Mach number, and the blockage factor at the
impeller exit is the primary driver for impeller exit blade height.
Thus, some intelligent choice of blockage must be exercised, but
this choice will not affect the velocity triangles, and thus, the opti-
mization of the velocity triangles is not affected by blockage either.

6 Conclusions

This paper introduces a new approach for the preliminary
design and aerothermal analysis of centrifugal impellers using a
relative diffusion effectiveness parameter. The relative diffusion
effectiveness is defined as the ratio of the achieved diffusion to
the maximum available diffusion in an impeller. The parameter
allows for a new optimization method for centrifugal impeller 1D
preliminary design, in which the optimum design is selected to
achieve the maximum relative diffusion effectiveness. Addition-
ally, it could also be used to compare the performance of various
impellers.

The relative diffusion effectiveness was correlated with impel-
ler isentropic efficiency using experimental data acquired on a
single-stage centrifugal compressor. The results show positive cor-
relation between impeller efficiency and relative diffusion effec-
tiveness at both design and off design conditions. Furthermore,
after incorporating slip, the correlation between impeller effi-
ciency and relative diffusion effectiveness could be represented by
a single linear fit over the entire operating range from 80% to
100% corrected speed, which greatly reduces the complexity of its
application in analyzing impeller performance. The positive corre-
lation between relative diffusion effectiveness and isentropic effi-
ciency at both design and off-design conditions indicates that
relative diffusion effectiveness could be used as an alternate
parameter of impeller isentropic efficiency in evaluating impeller
performance. Compared with isentropic efficiency, the relative
diffusion effectiveness does not include the benefits associated
with the centrifugal effect and thus, provides a direct indication of
the impeller aerodynamic performance. Additionally, relative dif-
fusion effectiveness could be calculated from static pressure meas-
urements acquired at the impeller exit and thus, greatly reduces
the instrumentation cost for total pressure/temperature rakes
required for the calculation of isentropic efficiency.

Relative diffusion effectiveness is used in a new approach to
impeller preliminary design, and it was applied to three classic
impellers available in the open literature. The selected impellers
[32–34] are representative applications of centrifugal compressors
in gas turbines and turbochargers. The results obtained from the
new method based on relative diffusion effectiveness agree very
well with the original design selections obtained from traditional
methods based on well-tuned empirical correlations. Furthermore,
sensitivity studies show that the new approach is robust and pro-
vides similar results of flow angles at impeller inlet and exit
despite a wide range of choices for impeller inlet and exit block-
age factors, as well as different slip models.

This new approach is useful since it does not require empirical
loss models. It provides an analytical approach for selection of the

optimal diffusion factor. Since it can be challenging to establish a
tuned set of empirical loss models or explore designs outside of
past design envelopes, the analytical approach of the new method
greatly reduces the complexity of its application and provides a
useful tool for centrifugal impeller preliminary design.
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Nomenclature

a ¼ speed of sound
A ¼ effective area
b ¼ blade height
B ¼ blockage factor

DF ¼ diffusion factor, DF ¼ W1t=W2

h ¼ enthalpy
I ¼ rothalpy
_m ¼ mass flow rate

M ¼ Mach number
N ¼ rotational speed in rpm
P ¼ pressure
R ¼ radius

RMR ¼ relative Mach number ratio
s ¼ entropy
T ¼ temperature
U ¼ wheel velocity
V ¼ absolute velocity
W ¼ relative velocity
Z ¼ number of blades
a ¼ absolute flow angle from radial
b ¼ relative blade/flow angle from radial
e ¼ relative diffusion effectiveness
g ¼ isentropic efficiency, total to total
p ¼ total-total pressure ratio
q ¼ density

Subscripts

b ¼ properties associated with blade
com ¼ properties obtained from equation for conservation of

mass
cor ¼ properties obtained from equation for conservation of

rothalpy
f ¼ properties associated with flow, full blade
h ¼ hub
i ¼ ideal
j ¼ jth iteration
k ¼ kth iteration

m ¼ properties derived from conservation of mass
no_slip ¼ properties derived assuming zero slip

p ¼ primary flow
rel ¼ properties in relative frame coordinate

s ¼ isentropic process, splitter blade
slip ¼ properties incorporating slip

t ¼ stagnation properties, tip
h ¼ tangential
1 ¼ impeller inlet
2 ¼ Impeller exit
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