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CFD ASSESMENT OF A CENTRIFUGAL COMPRESSOR
STAGE OPTIMIZATION PROCESS

Gheorghe FETEA?, Bogdan GHERMAN?, Dan Niculae ROBESCU?®

The paper presents numerical studies of the second stage of a centrifugal
compressor which is part of industrial gas turbine. The numerical analysis
performed on the baseline geometry identifies flow related problems in the rotor and
the two diffusers. The optimization process aims to improve the performances by
modifying the geometry of the three components, based on the results of the
numerical analysis performed on the baseline. The numerical analysis presented
here is a steady state simulation using the SST turbulence model, performed at the
nominal regime.
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Nomenclature

h specific enthalpy [J/kg]; w- molecular weight [kg/kmol]
p pressure [N/m?]; R- universal gas constant [J/kgK]
T temperature [K]; u - velocity [m]; t- time [s]

Greek characters
o Kronecker delta [-]; 4 dynamic viscosity [kg/(ms)]

Yo density [kg/m®]; Ty turbulent stress tensor [m?/s?]
Dimensionless numbers

Pr Prandtl number

Statistical quantities

@' fluctuating part of variable ¢

¢ filtered variable ¢ ; ¢  time or ensemble average of variable ¢

1. Introduction

The research concerns the field of high-pressure ratio, large capacity
centrifugal compressors for turboshaft engines that are used for cogeneration
applications. The trend in the development of these new turboshaft engines is to
increase the specific power output while decreasing the weight and volume of the
machine. These requirements lead to highly loaded compressor stages, where the
relative Mach number locally exceeds unity. Furthermore, the reduction of the
outer diameter and height of the impeller leads to an increase in the inlet
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centrifugal impeller blade height causing the inlet boundary conditions to change
from subsonic to the transonic regime. This might cause the appearance of shock
waves in front, or over the blade body, especially close to the blade tip region.
The existence of a shock wave on the blade body means that the boundary layer
experiences an extremely high adverse pressure gradient, which causes the
detachment of the boundary layer from the blade [1]. This detachment induces
losses that affect the compressor performances. Also, for a transonic, highly
loaded centrifugal compressor, the presence of a shock wave affects the leakage
flow at the tip of the blade [5], while the presence of a vane diffuser might have a
detrimental effect on the impeller leakage flow. Shum et. al [6] showed that an
optimum radial gap providing an optimum pressure ratio exists. Also, the
recirculation zones triggered by the boundary layer detachment have an important
impact on the flow angle and compressor stability.

Following these ideas, this paper proposes a study of the second
centrifugal compressor stage of an industrial gas turbine. The numerical analysis
identifies the aerodynamical problems in the compressor stage, requiring further
optimization. A CFD assessment study is carried out to show the impact of the
optimization process on the performances of the compressor stage.

2. Mathematical Model

In order to asses the optimization process on the centrifugal compressor
stage, the Reynolds Averaged Navier — Stokes (RANS) numerical approach was
employed. In order to allow the assessment of the boundary layer behavior, the
SST turbulence model was used [20, 21]. The flow is compressible, and the
equations that govern the flow presented below, time and mass averaged: [4]

The Continuity Equation:

5 OpU;
ot an
The Momentum Equations:

ot op@l)  op o (—
=+ =4+ —— 1 — .’u’. 2
a e o axj<T” o) @

where,

— ou:. Ou; ou
Tij=H i + 1 —25” i , represents the stress tensor.
an 8Xi 3 axk



CFD assesment of a centrifugal compressor stage optimization process 259

The Total Enerqv Equation
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where h is the enthalpy.
Ideal Gas Equation of State:
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where, w is the molecular weight.

The SST turbulence model is a two-equation model, and in this class the
turbulence velocity scale is computed from the turbulent kinetic energy, which is
provided by numerically solving its transport equation along with the governing
equations presented earlier. [20, 21]

The convergence is considered satisfied when the following criteria are met:
- the residuals for pressure are under le-5;

- the inlet mass flow has the same value as the one from the outlet;

- the residuals do not decrease or increase anymore..

3. Problem setup and boundary conditions of the numerical
simulations

The optimization process focused on the increase of efficiency while
keeping unchanged the speed and the flow channel size and shape. The
optimization process has been carried out based on the accumulated experience
and the in-house codes developed at COMOTI [19, 20], but it is not the subject of
this article. The computational domain for both cases is presented in Fig. 2. For
each part of the compressor stage only one channel was modeled, and periodic
boundary has been used for each sector. Table 1 presents the boundary conditions
used and the geometry specifications.

a b
Fig. 2 Computational domain, initial compressor stage (a) and optimized compressor stage (b)
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Table 1
Stage geometry specifications
Optimized . Optimized | . Optimized

Rotor Rotor Diffuser 1 Diffuser 1 Diffuser 2 Diffuser 2
Gas Air Air Air
Speed 22 000 - -
Mass flow rate 8.1 kgls 8.1 kgls 8.1 kg/s
Pressure ratio =25
Number of Blades 30 15 14 14 60 | 60
Number of splitters 0 15 14 14 -
Total pressure at inlet 4.19 bar - -
Total temperature at 453.6 K - i
inlet

The reference pressure is the atmospheric pressure, 1.01325 bar. At the
exit, the mass flow rate is 8.1 kg/s / 60 blades = 0.135 kg/s. The solid walls were
considered adiabatic (no heat transfer), impermeable and no-slip (zero velocity at
the wall).

For both cases, a structured O-grid grid has been used to allow an efficient
control of the grid size close to the walls, aiming for a y* ~ 1. The number of grid

points for each part of the centrifugal compressor it is presented in table 2.
Table 2
Grid points distribution

Original compressor stage Grid points
Rotor 873.920
Diffuser 1 639.600
Diffuser 2 460.800
Optimized compressor stage Grid points
Rotor 1.546.803
Optimized Diffuser 1 870.400
Optimized Diffuser 2 611.520

4. Results and Discussion

The two cases that were studied concern the original geometry and the
optimized geometry. The results presented in the following section will show on
each part of the centrifugal stage a comparison between the two cases.

The first part of the centrifugal compressor analyzed is the rotor. In Fig. 3a
a Mach 1 region can be observed close to the leading edge. During the
optimization process, this region has been eliminated, Fig. 3.b. The Mach number
reduces in the same region to a value of 0.6 — 0.7.
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Fig. 3 Relative Mach number, at 10% of blade height, measured from hub, original
geometry (a) and optimized geometry (b)

In figure 4.a. it can be seen that the original rotor it is in transonic regime.
The flow inside the optimized geometry is still in subsonic regime.
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Fig. 4 Relative Mach number, at 50% of blade height, measured from hub, original geometry (a)
and optimized geometry (b)

At the tip of the blades, Fig. 5, the flow is influenced by the tip clearance
leakage and the secondary flow that appears due to flow direction change from
axial to radial. [22] In fig. 5.a. a shock wave can be observed close to the leading
edge of the blade. The presence of shock wave produces the detachment of the
boundary layer. The flow inside the optimized geometry removes the shock wave
and the boundary layer detaches only due to tip leakage and secondary flow. The
flow distortions can be observed in Fig. 6.
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Fig. 5 Relative Mach number, at 90% of blade height, measured from hub, original geometry (a)
and optimized geometry (b)
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Fig. 6 Stream lines at 90% from blade height, measured from hub, original geometry (a)
and optimized geometry (b)

Another difference between the two cases it is seen at rotor efficiency,
namely, the polytropic efficiency in the case of the original geometry is 93 % and
the pressure ratio is 2.6; while in the case of the optimized geometry the
polytropic efficiency remains 0.93 but, the pressure ratio increases to 2.65. This
can be explained through the presence of the shock wave in the original geometry.

Fig. 7 shows the flow field inside the first diffuser, and the massive
recirculation zone that occurs in the original geometry between blade and splitter.
During the optimization process the recirculation zones have been removed, see
Fig. 7.b.
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Fig.7 Stream lines at 10% from blade height, measured from hub, diffuser 1, original geometry (a)
and optimized geometry (b)

At the middle distance between hub and shroud it can be seen (Fig. 7.a. and Fig.
8.a.) that the space between the blade and the splitter is completely blocked. After
optimization, the recirculation zone from the splitter has been completely
removed and the one from blade was reduced, see Fig. 8.b. This modification of
flow structure also influences the flow angle at the trailing edge of the diffuser
section.
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Fig. 8 Stream lines at 50% from blade height, measured from hub, diffuser 1, original geometry (a)
and optimized geometry (b)

In Fig. 9.a. the same recirculation zone that forms between blade and
splitter can be observed. Here, practically the entire space from hub to shroud is
blocked; see Fig. 7a, 8a and 9a.



264 Gheorghe Fetea, Bogdan Gherman, Dan Niculae Robescu

Velocity
536.8

477.2
4175
357.9
298.2
2386
178.9
119.3
59.7

0.0
[m s-1]

a b
Fig. 9 Stream lines at 90% from blade height, measured from hub, diffuser 1, original geometry (a)
and optimized geometry (b)

In the case of the second diffuser another recirculation zone can be
observed close to the trailing edge. This vortex is present on the entire blade
height (Fig. 10.a — 11.a). However, the optimization process could not change the
flow structure in this case. However, the flow angle at the exit from the second
diffuser is improved, recuperating more than 20 degrees. As mentioned before,
this compressor is part of a gas turbine and the flow angle is important for the
design of the combustion chamber.
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Fig. 10 Stream lines at 50% from blade height, measured from hub, diffuser 2, original
geometry (a) and optimized geometry (b)
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Fig. 11 Stream lines at 90% from blade height, measured from hub, diffuser 2, original
geometry (a) and optimized geometry (b)
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Fig. 12 Meridional Total pressure distribution , from inlet to outlet , original stage (a) and

optimized stage (b)

In Fig. 12 is presented the total pressure distribution on the meridional
plane, from stage inlet to outlet. As it can be seen, there are some non -

uniformities at the rotor exit in Fig. 12.a. Ho
smoothens out in the diffusers section in both cas
In Fig. 12 is presented the total pressur

wever, the pressure distribution
es, towards the stage outlet.
e distribution on the meridional

plane, from stage inlet to outlet. As it can be seen, there are some non -

uniformities at the rotor exit in Fig. 12.a. Ho
smoothens out in the diffusers section in both cas

wever, the pressure distribution
es, towards the stage outlet.

In Fig. 13, the pressure recovery achieved during the optimization process,

of approximately 0.2 bars can be observed.
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geometry (b)
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Fig. 13 Total pressure distribution from inlet to outlet, original geometry (a) and
optimized geometry (b)
Table 3
Performances obtained after optimization process

Parameter Design point | Calculated using CFX
Mass flow rate at nominal regime 8.1 kg/s 8.1 kals
Pressure ratio at nominal regime 2.3 2.6 2.65
Polytropic efficiency at nominal 80 % 93-81% | 93/86 %
regime : rotor / stage

Speed at nominal regime 22 000 rpm 22 000 rpm
Total pressure at inlet 4.19 bar 4.19bar | 4.19 bar
Total pressure at rotor exit 10.07 bar 10.9 bar | 11.1 bar
Total pressure at diffuser 1 exit 9.524 bar 10.1 bar | 10.4 bar
Total pressure at diffuser 2 exit 9.515 bar 9.98 bar | 10.2 bar

Also, the power consumed by the original stage is of 1365 kW and by the
optimized geometry of 1297 kW. This difference it is important since these
machines are working continuously.

5. Conclusions

In this paper, the second stage of a centrifugal compressor, part of an
industrial gas turbine developed by INCDT COMOTI is studied. This second
stage consists of a centrifugal rotor and two diffusers. In this analysis, the
aerodynamic performances and losses pertaining to the original geometry are
identified. The CFD analysis identified a shock wave that develops inside the
rotor channel, close to shroud. Inside the first diffuser, a massive recirculation
zone that closes the channel between the diffuser splitter and the blade is
identified. In the second diffuser, a recirculation zone is identified at the trailing
edge of the blade. These recirculation zones modify the flow angle and influence
the combustion chamber design and performances. During the optimization
process, it has been necessary to fulfill certain requirements: the flow path could



CFD assesment of a centrifugal compressor stage optimization process 267

not be modified, the speed could not be modified, and the only thing that could be
modified was the blades number, size, shape and angles. Taking this into
consideration, the shock wave removal from the rotor channel leads to a subsonic
flow that influences the boundary layer detachment and improves the flow angle
at the rotor exit. The recirculation zone present between splitter and blade in the
first diffuser has also been removed by modifying blades angles, shape and sizes.
This leads to the improvement of the flow angle towards the exit. In the last
diffuser, it was important to straighten the flow prior to combustion chamber.

To conclude, at the rotor, every second blade was cut, resulting 15 blades
and 15 splitters. At the first diffuser, the blade angles, shape and size have been
modified, and at the last diffuser only the blade angles have been modified. The
assessment of the optimization process showed an increase in stage efficiency of 5
%, a reduction of the power consumption by almost 70 kW and a pressure ratio
improvement of 2 %. Also, the flow angle at the exit of the compressor stage
improves by 20 degrees.
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