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AERODYNAMIC DESIGN AND NUMERICAL ANALYSIS OF A
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ABSTRACT

Counter-rotating turbomachines offer more design and control options than conventional machines.
While axial counter-rotating turbomachines have been widely studied, few studies have focused on
centrifugal ones. This paper presents a detailed numerical study on the benefits of counter-rotating
impellers for centrifugal compressors, specifically the impact of speed ratio on performance gain. The
study used 0D/1D models and optimization methods to meet design criteria. The aerodynamic
performance of the new designs was compared to a baseline configuration consisting of a centrifugal
impeller and a vaned wedge diffuser. The new design features a first impeller with perfect axial inlet
and mixed flow or a purely radial blade at the impeller exit, and a parametrically designed counter-
rotating bladed diffuser with radial or mixed flow inlet and radial outlet. Optimized solutions were
determined using validated 0D/1D loss models and analyzed using a 3D CFD solver. The results show
that this new configuration can increase efficiency on a wide range compared to the baseline using
speed ratio modulation.
1 INTRODUCTION

Counter-rotating CR turbomachines with two rotors were promising for improving performance, such 761
as efficiency, power density, and operating range. However, previous studies have primarily focused

on axial machines, which have shown that the most significant advantage of CR machines is the

additional degree of freedom, namely the speed ratio (6 = Npgr/Nggr) compared to single-rotor

machines SR. In CR machine, the upstream or front rotor is named FR while the downstream or rear

one is called RR and are rotating in opposite direction as shown in Fig.1.

Figure 1: FR and RR rotors for a CR centrifugal compressor

A literature review on CR machines conducted in previous studies (Abed et al., 2020, 2021, 2022)
revealed that, for axial CR configurations, adjusting the speed ratio 0 of impellers in axial CR
compressors enhances pressure rise and stall margin. When rear rotor RR rotating faster than front rotor
FR, stall suppression is increased by almost 50%. Boosting the rotational speed of FR improves
maximum efficiency, but marginally decreases pressure rise. Conversely, lowering the speed of FR
while maintaining RR's speed results in fewer stable operating conditions. Furthermore, it was
discovered that RR is more prone to stalling when the speed ratio exceeds 0.9, and its leakage flow
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decreases at a lower speed than FR. Similarly, adjusting the speed ratio positively impacts the
performance of counter-rotating axial pumps and fans.
Moreover, in radial counter-rotating CR configurations, the previous literature survey has demonstrated
that the speed ratio 0 plays a significant role in enhancing the overall performance of CR mixed-flow
pump. This is attributed to the fact that by determining the optimal rotational speed for FR and RR at
each operating point, the power density offered by the CR configuration can be maximized compared
to the baseline single rotor SR. This optimization can be achieved by rotating RR at a higher speed than
the FR for low flow rates and vice versa. Additionally, the literature survey reveals that blockage tends
to occur earlier in CR machines compared to their SR counterparts. Similar observations regarding the
impact of the speed ratio between FR and RR on the performance of CR mixed-flow pumps have been
made in the context of CR radial fans. (Dejour and Vo, 2018) research on a hybrid configuration, which
consists of a mixed-flow impeller as FR and an axial impeller as RR, reveals a substantial increase in
pressure rise compared to a single rotor SR. However, this improvement does not coincide with a
corresponding increase in efficiency. It is also noteworthy that blockage tends to occur earlier in this
CR configuration compared to SR.
Furthermore, the work of (Abed et al., 2020, 2021, 2022) recently carried out extensive research to
develop a validated design method for counter-rotating CR centrifugal compressor. This work was
driven by the limited information found in the literature concerning the design approach and
performance analysis of such machines. The cited studies on CR centrifugal compressor configurations
primarily concentrate on the design method, its experimental and numerical validation, and a broad
performance comparison with single rotor (SR) configurations. However, these investigations have not
specifically explored the influence of the speed ratio on operating conditions and its wider implications,
which is one of the main aims in the current work.
In this study, unshrouded impellers are employed for the CR configuration to facilitate
comparison with the baseline single rotor SR. The SR configuration here consists of a single
centrifugal impeller and a wedge-vaned diffuser, for which limited experimental and
geometrical data can be found in Gaetani et al. (2012). The primary objective of this work is to
emphasize the performance improvements offered by the CR configuration in comparison to
the SR machine.

2 DESIGN METHOD

2.1 Velocity triangles
The key to design CR rotors is the correct formulation of its velocity triangles and understanding what
implies. FR and SR rotors are similar and so are they’re velocity triangles. However, RR is a counter-
rotating rotor, so its inlet velocity triangles are distinctive because of its strong inlet counter swirl as
shown by Fig. 2. Small gap of /] = 4mm is considered between FR and RR and to assume that no change
occurs between FR and RR in terms flow properties of velocity triangles:

Cy = C3,Cpp = Cy3,Cpz = Cip3 (D
The tangential component of absolute velocity at the outlet of FR, C;,, contributes to increase the
tangential component of the relative velocity at the inlet of RR impeller as:

Wiz = Us + (i3 (2)

Eqn. 2 shows how the relative velocity at the inlet of RR increases by the counter-rotating effect.
This can lead to transonic or sonic inlet conditions and should be considered in the design procedure of
CR. To compare the increase of enthalpy provided by CR and SR, RR outlet diameter is assumed equal
to the peripheral diameter of SR impeller. Rotational speed of SR impeller and RR are also assumed to
be equal, so we have U,gp = Uypg. Using the Euler’s formula for ideal flow and assuming no pre-swirl
at the inlet suction of both configurations, we can write the enthalpy rise of SR using
Eqn.3:

Ahgg = Ussg. Crasr (3)
The enthalpy rise of CR is the sum of each FR and RR enthalpy rise as expressed by Eqn. 4:
AhCR = AhFR + AhRR (4)

RR rotational direction is considered as the positive one. The enthalpy rise of FR can be expressed using
Eqn.5:
Ahpg = (=U2). (—=Cyz) = U3.Cpp (5)
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And the enthalpy of RR having negative pre-swirl at inlet can be formulated using Eqn. 6:
Ahgpp = Uy Crq — (U3). (=Cy3) = U4Crs + U3Cy3 (6)

Assuming ideal flow and the same outlet blade angle for SR impeller and RR with U,sg = U 4gp, the
increase of enthalpy given by CR compared to SR is in fact U3Ci3 + UyCy).

Wi, Cia

4
Npr
RR 3
______ (1
[J"]
”
& B f‘/

— 0,

Figure 2: CR centrifugal compressor velocity triangles, (0): inlet station, (1): FR leading edge, (2): 763

FR trailing edge, (3): RR leading edge, (4): RR trailing edge

2.2 CR Design approach
In the present work, two additional features have been added to a previous design procedure presented

in (Abed et al., 2020, 2021) This approach for CR presented in Fig. 3 is composed of a 0D/1D design
method coupled with NSGA-II optimization algorithm. The geometric parametrization of CR including
FR and RR is summarized in Fig. 4.

Begin: initialize R T b2 . b/]
popdtion on__{ gnional ) —— Mol |,k Logrn—55inoha + Larn—5 %
design parameters ad (RR) geometnes
Evaluation of objective functions J w»:« o 4’ T4
M Oy
& Crossover "l( J R
Reportfinal ___ Stoping , b2 . b2 Ts3
population and stop criteria met I LaIFR — 5 sin Oéhcz /
t Mutation — 2 7-1" 3
v 1 FR
hvalufahqn of r( T""l
oojecte 0 Tml 1 Th3
Lombio'e parent ah{:l
Individuals. and child Thll
selection populations, rank
population | 1 | Id{ e ik
Figure 3: CR centrifugal compressor Figure 4: CR centrifugal compressor
design flowchart geometrical design parameters

It was found that the predicted outlet flow of FR is not quite accurate in some design operating
conditions, so an additional step in the design of FR is considered by evaluating its performance using
an adapted set of loss models developed in the thesis of (Abed 2021) and published in the paper
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(Abed et al., 2021) in which an experimental validation of the design method is presented.

Calculate velocity triangles and
aerodynamic parameters at outlet

'
Guess
Blade number. ZFR
Outlet blade angle: b2

lterate on static density and find
corresponding to the minimum Mrs1

.
Deduce inlet blade angles at
hub, middie and shroud
Bbh1 Bbm1,pbs1

Calculate:
Blade mean camberline length LB
Tip distorsion factor: A
New number of blade according 1o a
maximum blade loading: Zrr New blade
angle’ b2

v \
Reevaluate FR performance

by loss models :

Figure 5: FR design flowchart, updated from (Abed,2020)

3 CASE STUDY

The case study in this paper is a design of CR configurations based on a baseline centrifugal compressor
SR selected from literature. The aim is to design a CR configuration having the same outlet diameter of
RR as that of SR impeller.

3.1 Reconstruction of SR configuration based on available data
The baseline configuration SR considered in this study is a conventional high specific-speed centrifugal

compressor composed of a radial impeller and a wedge vaned diffuser. Geometrical parameters and
experimental measurements at three operating conditions in which the impeller rotates at 12.5 kRPM
can be found in the work of Gaetani et al. (Gaetani et al. 2012) and summarized in Tabs. (1-2). Some
important geometrical parameters of the baseline are not provided such as clearance gap and axial
distance. To estimate those values, clearance gap was fixed at 5% of impeller blade width b2 and axial
distance is calculated iteratively to match the desired pressure ratio of 1.6 of the whole stage. At every
value of Lax, the complete geometry of SR impeller and the wedge vaned diffuser is generated, and
then the pressure is estimated using the previous validated set of loss models. Fig. 11 shows the
flowchart of axial distance calculation. The value obtained for the axial distance of the baseline SR is

Loy = 114.2 mm. Figures 12 and 13 show respectively the blade angle distribution from inlet to outlet
and the meridional view of the SR impeller. The wedge vaned diffuser is built in the same way as that
of SR impeller considering a purely radial meridional variation and constant variation of the blade angle

distribution. Figure 14 shows the comparison of total-total pressure ratio obtained from CFD
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calculations and experimental data. SM is the CFD simplified model using single passage per
component and FM is the full model using all passages.

Table 1: SR main geometrical parameters extracted from (Gaetani et al. 2012)

Radial Impeller
Is1 Is1 b, Zsr Br2
131,5 mm 200 mm 17.4 mm 16 -24°
Vanned wedge diffuser
I3 Ty bz = b, Zqif By
220 mm 382.5 mm 22 mm 25 63°

Table 2: SR operating conditions, extracted from (Gaetani et al. 2012)

Near stall Best efficiency Near choke
m [kg/s] 2.61 3.28 4.7
TTis 1.56 1.605 1.48
Rercaidocaiosare ol 201

conditions

| ]

l No
ﬁ‘ .
Guess axial distance: L, Bh (0)
-50

Hub
Impeller tip

} J i
Estimate by loss models the Yes
total pressure ratio: 7, l _70J
0 2 40 60 80 100
rn done %g
Figure 11: SR axial distance calculation Figure 12: Blade angle distribution pf SR
of SR impeller impeller

Tab. 4 resumes the errors between CFD calculations for the constructed SR configuration and
experimental data of the baseline SR extracted from (Gaetani et al. 2012) at three operating conditions.
These errors are small enough to be acceptable. Fig. 15 shows the original baseline and the reconstructed

one by the developed tool.

200

16 b L]
180 ¢ ! " L]
160 154 u =
140 "
— 144
~ 1204 -
: "y l
£ 1001 e Hub 134
B g e Shroud * EXP
Impeller tip n SM
60+ 121 s FM ‘
40 4 -
1.1 4
204
0 —— B 10 N S S D S S VRO,
0 20 40 60 80 100 120 140 160 180 200 o 08 09 10 1 12 13
Loz [mm)| i
Figure 13: Meridional shape of SR impeller Figure 14: Pressure ration comparison between

CFD and experimental of SR
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Table 4: Validation of the constructed baseline SR

Pressure ratio Experimental data CFD (SM) Error (%) CFD (FM) Error (%)

Near stall 1.56 1.595 2.24 1.585 1.6
Best efficiency 1.605 1.589 0.997 1.572 2.05
Near choke 1.482 1.456 1.754 1.455 1.78

Figure 15: Original SR (left) and constructed SR (right)
3.2 CR design method
The design of CR follows the method specified in [15]. The interface of FR and RR is determined by
the factor ypr = 1, /7, which defines indirectly the specific amount of enthalpy increase that FR and
RR should give.

For the optimization loop, the set of parameters: Xgg, bs, Bps, Nrg, Ngg presents the decision variables
while some constraints have been specified such as the relative Mach number at the inlet of RR to avoid
choke. The operating mass flow is fixed by the designer and corresponds here to the design mass flow
of SR which correspond to the best operating point. Finally, the two objectives of optimization are the
maximization of total-total pressure ratio ;4 and the corresponding isentropic efficiency 7.4 of CR.
Finally, the range of design parameters are described as following:

mgy = 3.28kg/s,

0.3 < xpr < 0.77,

10 kRPM < Npp < 18 kRPM,

10 kRPM < Npp < 12.5 kRPM,

max(Mrppg, MTeppr) < 0.9,

0.1b; < bg < 3by,—90° < B < 0°
The optimization procedure in the phase of CR design is presented in Fig. 3. In this flowchart, the step
framed in black color corresponds to the evaluation of the objective functions according to NSGA-II
algorithm in which the design and performances of FR and RR are performed by the in-house code.

4 RESULTS
4.1 Optimization results

The Pareto front obtained from optimization for CR configuration is shown in Fig 16. Pareto front
shows a large variation of 7, from 1.84 to 2.4 according to a slight variation 744. Xgg. The Pareto
front obtained from optimization for CR configuration is shown in Fig 16. Pareto front shows a large

variation of 7, from 1.84 to 2.4 according to a slight variation 74,. XpgVvaries between 0.51 to 0.78 is
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while the value of Ngg remains between 11.35kRPM to 12.49kRPM. The value of Ng is between
16.85 kRPM to 17.89 kRPM. 11 prototypes are selected from Pareto front to be analyzed using 3D

CFD simulations.
0.810

®
e ™
o808+ f ﬁ\
prot12 !
0,606 = prot11 ..
0,804 - \
N4
0,802 4 ?
®
0,800 4 .
0,788
T T T T T T
18 1.9 20 21 22 23 24 25
T 4

Figure 16: Pareto front obtained from the design optimization of CR configurations

4.2 Numerical method
The numerical calculations were carried out using a commercial CFD software ANSYS 2022R2.

Simulations were performed using high resolution for advection scheme and turbulence equations. The
k — w SST turbulence model is employed. Calculations with mixing-plane interface are carried out to
obtain the performance of all CR configurations with SR. For the sake of time and computational cost,
a simplified passage model SM with rotational periodicity for component is simulated to generate the
performance. Full model simulations are carried out also to assess the SM model. The fluid domain
using air ideal gas contains an inlet pipe, two impellers and a vaneless diffuser for CR configurations
and one impeller along with a vaned diffuser for SR. Fig. 17 shows the details of computational mesh

for SR and a CR configuration. Theses meshes are obtained after a mesh sensitivity study with values

about 2.45 millions elements for CR and 3.25 millions elements for SR.

Figure 17: Blade mesh details of CR (left) and SR (right)

4.3 Obtained results
Fig. (18-19) show the performances of 11 simulated configurations of CR (protl to protl1) as well as
SR. The total-total pressure ratio and the corresponding isentropic efficiency are calculated as:

y-1
Tfl. Cp TtO (T[t4' Yy — 1)
Pta

—C _ (12)
r £0 e [pgr. Wpg + TRr- WgR
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All parameters are calculated using area-averaged based on a section located at 7 = 1.18 rpg.

1.0
26+
244 v‘fgii:":ﬁ,:i:v‘ e " yovovo"\
v o P 0.8 "
22 444 4 4 VS Gl
] O—er0-+0- 4 4 - ‘ajfi
2.0 - ;LL] b 3 X% 4 ) 0.6 -/OZ' -
T4 P-B3-3-0-0—pQq-05 _\'A < Mta &
e\u
18 v \I‘
& 4 0.4 -

1.6 S ‘_"\{\
1.4 ]'ZZ:}' .. D:g:g‘”"” <o e . ‘\“w.‘“ 4 ' -2—:::‘:! .[];;:nm.v)

A peot3 - - protd 024 4 pow W protd

prot5 < pro prots < - proté

1.2 1 prot? prots v o § D> protz 7 prot8

- protd (] prot10 <& o ] < - prota == prot10
R el LY : ; : = : ; . 0.0 38— . . r - : : T

05 06 07 08 09 10 11 12 13 14 06 07 08 08 10 11 12 13 14 15
Mdim Mdim
Figure 18: Total-total pressure ratio of 11 Figure 19: Isentropic efficiency of 11 CR
CR compressors selected from Pareto front compressors selected from Pareto front

The full model (FM) is also used on protll to assess the simplified model with one passage per
component at low mass flow and both results are in good agreement. From these figures, one can see
that prot10 and prot6 give the largest choking margin with a large efficiency. Prot4 gives the lowest
choking margin and prot5 gives the highest pressure rise of the selected CR configurations. protl1 gives
the lowest pressure rise, an acceptable choking margin and the largest stall margin. It has the lowest
value of chigggy = 0.51. Fig. 20 shows a clear comparison between the protl1 and SR. The static
pressure is illustrated at the Hub surfaces, while turbulent kinetic energy (TKE) is shown on the blade
surfaces. As mentioned before, since the outlet diameter and the rotation speed are identical for protl1
and SR, a fear comparison of the pressure rise between them can be illustrated. Higher static pressure
is reached by the prot11 at the outlet. However, the TKE is also higher on the blade surfaces of RR than
that of SR because of the high interactions between the FR and RR impellers. All CR configurations
deliver higher efficiency and pressure ratio compared to the baseline SR. The total-total and total-static

pressure rise coefficients are calculated using Eqn. 14.

P4 — Pto Pta — Pro

=0 VYu= (13)
0.5p¢0Us° 0.5p¢0Us°

Wy
4.4 Effect of the speed ratio on the performance of CR machine: Case of prot12
Prot12 gives the lowest pressure ratio of all selected CR configurations and therefore selected to be
further analyzed in terms of pressure rise and efficiency by speed ratio 8 modulation while RR rotational
speed remains fixed Npp = 12.5kRPM.
Fig. 21 shows the evolution of total-total pressure rise and the corresponding isentropic efficiency
coefficient according to a variation of 8 in which the choke and stall margin are improved drastically.
At design conditions mg;,,, = m/my = 1.0, 8 = 1.44, Ngp = 12.5kRPM, prot12 delivers an increase

of pressure rise about 87% and efficiency about 12% compared to SR.
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SR

Pressure [Pa] titg = 328 kel
2 = s

CRCC(FR+RR) 1.81e+05
iy = 3.28kg/s I
1.64e+05

1.47e+05

1.31e+06
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8.00e+04

TKE {Jtkq)

Figure 20: Comparison between the protl1 (left): design mass flow ni; = 3.28kg/s and

corresponding pressure rise coefficient W, = 2.1, RR speed wgr = 208.3 Hz and conventional SR

(impeller and vaned diffuser), (right): ni; = 3.28kg/s for pressure rise coefficient of ¥y, = 1.4,

Wsp = 208.3 Hz.
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Figure 21: total-total pressure rise coefficient evolution (left) and corresponding isentropic efficiency
(right) according to a variation of 8 while Npp = 12.5kRPM
Another advantage of the CR configuration is the increase of power density by a factor of 5 compared
to SR as shown in Fig. 22 at design condition. The isentropic power density is defined as the power to
the size of the machine and calculated by Eqn. 14. SR configuration was designed to produce a total-
total pressure ratio of $1.63. By using the CFD data of prot12, it is possible to obtain a maximum totat-
total isentropic efficiency for a fixed value of total-total pressure ratio of 1.6 by changing the peripheral
speed of both FR and RR impellers as shown in Fig. 23. This figure shows that the nondimensional

efficiency area of prot12 is 2.88 times higher than that of SR. This parameter is calculated using Eqn.
15.

y-1
mC, Ty <(Pt4/Pt0) Y — 1)

Power, =
t 2
Ty LaxptO

(14)
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Figure 22: Area of Isentropic power
density comparison of prot12 and SR

S CONCLUSIONS

The objective of this work is to present a detailed design optimization method applied to CR

configurations in centrifugal compressor stages and to highlight their advantage compared to standard

configuration SR focusing on the effect of speed ratio of CR and its effect on the performance. Thereby,

a Meanline approach coupled with optimization techniques is proposed allowing an efficient design of

CR. During the design step and because of the compressibility of the flow, specific attention is

considered when designing the inlet of RR to obtain an acceptable blockage margin. Furthermore, 12

configurations selected from Pareto front are analyzed by using a 3D CFD solver. The obtained results

illustrate global performance improvement with respect to the same outlet radius and peripheral speed

of the baseline. By modulating the speed ratio of FR and RR, it’s possible to improve the stall and choke

margin while increasing the efficiency on a wide range of operating points. The results show that the

isentropic total-total power density is increased by a factor of 5 compared to that of SR.

Nomenclature
N,® Rotational speed (RPM, rad/s)
0 Speed radio (-)
C Absolute velocity (m/s)
W Relative velocity (m/s)
U Peripheral speed (m/s)
Ah Enthalpy rise  (J/kg)
b Blade width  (m)
T Boundary layer thickness (m)
T Temperature  (K)
p Pressure (Pa)
Bv Blade angle )
p Density (kg.m?)
T Pressure ratio(-)
n Isentropic efficiency
r Torque (N.m)
Subscript

FR Front impeller
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RR Rear impeller

t Total condition, tangentiel component
m Meridional composent

CR Counter-rotating configuration

SR Baseline

th Throat conditions
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