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Abstract

The aim of this paper is to investigate the design in similarity of a centrifugal
compressor for micro gas turbine and the related scaling effects on perfor-
mance using CFD investigations. This work is part of a research project car-
ried out by the Department DIME of the University of Genova, with the pur-
pose of investigating the performance of a micro gas turbine in the change
from 100 kW electrical output to 250 kW, while maintaining the compressor
pressure ratio and geometry in similarity. The first part of the work focuses
on the comparison between the original and the scaled machine, while the
second part of the study deeply investigates the tip gap effect in the new con-
figuration. The aim is to provide information about the performance of the
compressor designed in geometrical similarity and to evaluate the tip gap
height impact. From the efficiency point of view, the scaled-up machine has
higher efficiency (up to 1.4% increment in design conditions) keeping the
same technological limit for impeller manufacturing. However, the variation
of tip gap height in the range 0 + 1 mm strongly affects this parameter, lead-
ing to 10% alteration in design conditions between the ideal and worst case.
The results, both in terms of overall performance and flow fields, are widely
discussed in order to obtain simple yet reliable correlation for preliminary
design.
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1. Introduction

In recent years, MGT have been more and more used as cogeneration systems

for distributed power generation; this is caused by their good performance,
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coupled with their compactness and low cost [1]. Because of MGT’s small size,
the machines have usually a radial configuration (instead of an axial one), pre-
ferred for its high power-to-weight ratio which leads to a more compact system.
This justifies the large application of centrifugal compressors and the interest in
their study in order to achieve better performance having a better understanding
of phenomena within the machine. The flow structures in centrifugal compres-
sors are considered amongst the most complex in turbomachinery [2]. This is
caused by the strong change in direction which the flow has to perform and the
high pressure ratio per stage; this leads to a strong interaction between main
flow and leakage flow in the tip gap region, with the creation of complex vortex-
es. For this reason, the study of tip gap influence on both performance and flow
field is interesting and it has been widely analysed in literature by several works
([3] [4] [5]). This paper aims to relate performance and internal aerodynamics,
investigating the machines flow fields to corroborate the global parameters vari-
ation (e.g. total to total efficiency and pressure ratio) due to tip gap height.
Scaling effects, which refer to the study of performance of turbomachinery de-
signed in geometrical similarity, are another topic which has been widely dis-
cussed because of its practical application; indeed, this method allows designing
machines of different power, maintaining the same components geometry and
the same thermodynamic cycle. Head and Visser [6] have found relationships
predicting MGT performance when scaled, taking into account each component
of the system. In general, scaled up machines have better performance than the
original ones; in centrifugal compressors, this effect is due to several reasons
such as Reynolds number variation [7] and scale effect in the tip gap region. This
work shows the impact of Reynolds number variation due to the increase in di-
mensions keeping the same percentage tip gap height and studies independently

the tip gap contribution to machine behaviour.

2. Compressor Description and Scaling Up

The compressor studied in this work has been developed by DIME in a re-
search project related to the multidisciplinary optimization of several compo-
nents of a MGT. The preliminary geometry, obtained by employing a classical
one-dimensional and then two-dimensional design procedures [8], has been op-
timized by using an artificial neural network coupled with a genetic algorithm
with the purpose of minimizing an objective function linked to aerodynamics
losses and mechanical stresses; the results of this work are widely presented in
[9] and [10]. In the following, the main characteristics of the compressor are
summarized. The original compressor has been designed in order to be suitable
for a MGT application of 100 kWe. In order to obtain a new machine able to be
employed within a MGT application with a net electric power of 250 kWe, the
first step of this work was to scale up the compressor by means of classic ap-
proach. Using the correlations discussed by Dufour et al. [11], a scaling up of the

machine was performed imposing the geometrical similarity and keeping the
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same values of total quantities at the inlet; this led to a scaled machine with the
same velocity triangles of the original one, maintaining the same thermodynam-
ic cycle overall parameters. Referring to Dufour et al scaling parameters, indi-
cating with superscript b and s the baseline and scaled quanties respectively, we
obtain:

a=tu p Rl m

Pn RT, m

where p,and T, are the inlet total pressure and temperature, R is the gas
constant and s is the mass flow rate. Since the inlet total conditions are the
same for baseline and scaled machines (a =f= l), while the mass flow rate
scaling factor is equal to 2.5, the geometrical length scaling factor provided by
[10] is:

p Ll
=@ B =250 =158 )

The main parameters of these two machines are listed in Table 1; geometrical
parameters variations are caused by appropriate scaling coefficients given by si-
milarity laws. In Figure 1, a 3D render of the machine is presented, while in
Figure 2 there is an explicative dimensional comparison between the two com-

pressors in the meridional channel of original and scaled up impeller.

Figure 1. 3D rendering of the centrifugal compressor.

(a) (b)

Figure 2. Original (a) and scaled up (b) impeller meridional channel.
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Table 1. Original and scaled compressor target main parameters.

Quantity Original (100 kW,) Scaled up (250 kW,)
Number of impeller blades 10 + 10 10 + 10
Number of diffuser blades 19 19
Impeller exit radius [mm] 64 101
Design efficiency [%] 84 84
Total to total pressure ratio [-] 4.6 4.6
Design mass flow rate [kg/s] 0.74 1.85
Rotation speed [rpm] 75,000 47,450

The tip gap was scaled, in this first analysis, using two different approaches:
the first, maintaining the absolute value of the tip gap, equal to 0.2 mm, intended
as a lower technological limit for impeller manufacturing; the second one, scal-
ing the value of the tip gap itself, thus maintaining the same relative gap (in-
tended as scaled percentage on the height of the blade), thus equal to 0.32 mm
for this case. After this preliminary analysis, a detailed investigation about tip
gap height effects on machine performance have been carried out. To achieve
this result, different values of the tip gap height have been simulated. In this
analysis, the geometry of the meridional channel and of the blades has not been
modified with respect to the result of the scaling up process illustrated above.
Therefore, the geometries investigated differ from each other only for the value
of the tip gap height. In this second analysis, in addition to the ideal case,
represented by a value equal to zero, five values of the tip gap height, with 0.2
mm pitch, were investigated, up to a maximum value of 1 mm, taken as the up-

per limit for the construction of the machine.

3. Mesh Generation and CFD Analysis

The computational mesh was generated in Autogrid [12] using a structured
multi-block mesh with hexahedral elements. Impeller and diffuser blocks were
realised separately and then conveniently coupled. The mesh has about 2 mil-
lions of elements, 1.4 for the impeller and 0.6 for the diffuser respectively. The
total amount of cells has been chosen based on a grid dependency analysis car-
ried out on the preliminary configuration, with particular focus on shock wave
losses [8]. In Figure 3, the midspan blade to blade view is presented for rotor
and stator. The first cell height has been computed in order to obtain a y* val-
ue of about unity. In order to improve the results accuracy, the mesh quality, in
terms of orthogonality and skewness angles, was optimized though the internal
Autogrid algorithm. In order to analyse the tip gap effects, rotor meshes were
realised for every geometrical configuration modifying the gap height in Auto-
grid and keeping the same other mesh parameters; then, every rotor has been

coupled with the same diffuser in IGG to simulate the full domain. This process
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led to have meshes with the same grid except for the tip gap height. CFD simula-
tions were performed using FINE/Turbo [12]; a steady RANS approach was
used, modelling the turbulence with the two equations model SST (Shear Stress
Transport) [13]. Total flow conditions, absolute angles and turbulence parame-
ters were set at the inlet, while mass flow rate was imposed at machine outlet.
No-slip condition was imposed at solid walls and periodicity condition was ap-
plied both on rotor and stator to couple periodic surfaces. The rotor/stator in-
terface was modelled through the mixing plane approach.

In order to obtain the performance curve of the original and scaled up ma-
chines, several operating conditions were simulated, varying the mass flow rate.
Using this outlet boundary condition, the solver adjusts the pressure ratio to sa-
tisfy continuity equation. Choking is detected when the inlet mass flow rate
mismatches the outlet condition, so the flow rate is decreased in order to obtain
a converged simulation. Stall is considered when the main machine parameters
present unacceptable oscillations during simulations, leading to not converged
calculations when the mass flow rate is strongly decreased. More precise consid-
erations could be done using unsteady investigations near stall region, but this is
out of the primary scope of this work, since it aims to provide simple yet useful

indications in first guess design procedure.

4. Results
4.1. Scaling-Up

In the following, the results obtained for scaled up machines are presented. In
the first part, the Reynolds effect on scaling methods is presented, while in the
second part, the effect of tip gap height on performance curves is presented, with
a detailed investigation on flow field behavior. The first application concerned,
as mentioned, the analysis of the scaling effects of the machine using absolute
scaling and relative scaling of the tip gap height. These effects are first investi-
gated by comparing the characteristic curves of the machines, in terms of effi-
ciency and in terms of compression ratio. In Figure 4 the comparison between
original and scaled up compressors in terms of total-to-total isentropic efficiency

is presented.

theta

dm/r

Figure 3. Blade to blade mesh for impeller and diffuser row.
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Figure 4. Total to total efficiency curves of original and scaled compressors.

As expected, the scale effect leads to an increase in efficiency in all operating
points of the curves of larger machines. In the case of absolute scaling, the effi-
ciency curve shows a flatter behavior in the central zone, resulting in a high effi-
ciency value in a wide range of flow rates, while the curve of the relative scaling
machine has a shape very similar to that of the original one, simply translated
upwards. From the extension of the operating range point of view, it is noted
how the machine with relative scaling presents the point of surge moved to the
right compared to that of the original machine, while the chocking point is
roughly obtained for the same value of mass flow rate. In the case of the absolute
scaled machine, instead, both extreme points of the curve are translated to the
right, with amplitude of the operating range, in terms of variation in mass flow
rate, almost equal to that of the original machine. For total to total pressure ratio
B, » shown in Figure 5, the absolute scaled machine presents values, for all the
simulated operating conditions, higher than those of the original machine, with
a shift towards the right, and therefore of the flow values corresponding to the
surge and chocking, while the curve obtained for the relative scaled machine
appears to be almost identical with that of the original one.

This means that the effect of the Reynolds number appears to be for this

second case, marginal as regards the value of the pressure ratio.

4.2. Tip Gap Height Variation

4.2.1. Global Performance

The effects of the tip gap height was investigated by simulating different values
of this size, from the ideal case, with zero gap, up to a value of 1 mm, using a 0.2
mm pitch. Figure 6 shows the total to total efficiency curves as a function of the

mass flow rate, for different operating points. As expected, a gradual reduction
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in efficiency is obtained with an increase in the tip gap height.

While the ideal case has a maximum efficiency of around 86.5%, the value is
reduced of about 10 percentage points for 1 mm condition. Furthermore, there
is a gradual decrease in both the value of the surge and chocking mass flow rates,
and a strong reduction in the amplitude of the operating range. From Figure 6,
it is also noticed that the design mass flow rate, equal to 1.85 kg/s, can be ob-
tained at most with a height value of the tip gap of 0.6 mm. For higher values, in
fact, the operating curves exist for lower values of the mass flow rate. Similar
considerations can also be made for the total to total compression ratio, shown
in Figure 7, which presents a gradual decrease with increasing tip gap height

values.
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Figure 5. Pressure tario curves for original and scaled compressors.
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Figure 6. Total to total efficiency curves for several tip gap heights.
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Figure 7. Pressure ratio curves for several tip gap heights.

Investigating the full operating range, it was noticed that the choking mass
flow rate varies linearly with tip gap height (Figure 8).

Finding a reliable correlation to predict the curve slope could be an important
tool in preliminary design steps in order to understand the correct tip gap scal-
ing; in particular, the upper limit beyond which the design mass flow cannot be

processed which is strongly related to manufacture technologic requirements.

4.2.2. Flow Field Analysis

In order to better understand the effect of tip gap height on flow field main pa-
rameters and thus on overall performance of the machine, a detailed investiga-
tion of significant quantities and flow properties was performed. One of the
most interesting section on which analyze these quantities is the impeller outlet
section (corresponding also to diffuser inlet section), highlighted in cyan in Fig-
ure 9.

For this section, several color contour representations are reported in the fol-
lowing figures, representing two flow passages, each one constituted by a splitter
blade and a main blade, in this order from left to right. In order to compare sim-
ilar cases for each operating condition, the best efficiency point for each perfor-
mance curve is considered. Thus, the mass flow rate changes for each represented
condition, as reported in Table 2, where three significant cases are listed.

In Figure 10 the color contour of total to total pressure ratio is reported. It is
necessary to remember that this compression ratio is the one calculated down-
stream of the rotor, therefore it will be lower than the global one shown in Fig-
ure 7. The rotation direction is indicated with @ . As attended, according to
performance curves of Figure 7, the overall value decreases with the increasing
of impeller tip gap height. For all the investigated cases, lower values of total to
total pressure ratio are located downstream the splitter and main blade trailing

edges. As expected, S, is lower downstream of splitter blades trailing edges
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with respect to main blade ones, due to the lower compression effect associated
to this kind of blades.

Table 2. Analyzed cases.

Case Tip gap height [mm] Mass flow rate [kg/s]
a 0.2 1.85
b 0.6 1.75
c 1.0 1.65

115%

110%

105%

100%

95% 1

Choking Mass flow / Design Mass flow

90% 1 . 1 I I . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Tip gap [mm]

Figure 8. Normalized chocking mass flow rate as a function of tip gap height.

Figure 9. Representation of impeller exit section for flow field evaluation.

o TS TN

238

o WA ERESA T B
2

Figure 10. Pressure ratio at rotor exit for 0.2 mm (a), 0.6 mm (b) and 1 mm (c) tip gap
height.
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In Figure 11, the corrected entropy colour contour is reported. The corrected
entropy is calculated in order to make the values obtained from the different op-
erating conditions comparable, referring the quantity to the inlet conditions, in-

dicated with subscripts 0:

S—S
Seorr _2—0 (3)
w, /2
T,

where w, is the inlet relative velocity and 7, is the inlet temperature. From
Figure 11, which represents the corrected entropy for the three studied configu-
rations, it is noticed, as expected, the entropy peaks downstream of the trailing
edges of the blades (with peaks of greater intensity downstream of the main
blades, due to the greater extension of the blade and therefore of the surface of
boundary layer development). Moreover, an increase in the mean value of the
corrected entropy, within the channels and within the wakes, with the increase
of the tip gap height is highlighted.

Figure 12 shows the colour contours of the absolute flow angle for the three
simulated conditions. Considering that the absolute flow angle design value is
equal to about 68°, it can be noticed that for the smallest tip gap height this value
is respected within the bladed channel.

On the contrary, as the tip gap increases, in addition to an increase of the val-
ue of the angle in the tip leakage area, characterized by an uncontrolled value of
the absolute angle of the flow (approaching or exceeding 90°), the value of the
angle within the bladed channel undergoes a strong variation, with values that
are reduced, near the hub region, at around 40° for the worst case (case c). To
compensate the extensive flow blockage induced by the larger tip clearance, the
fluid is deflected in the radial direction to preserve the assigned mass flow rate.
These strong variations in the absolute flow angle from the design value entail an
incorrect operation of the bladed diffuser located downstream of the rotor, with
a consequent reduction in the effect of pressure recovery and consequently of
the performance of the machine in terms of compression ratio and efficiency, as
highlighted in Figure 6 and Figure 7. In Figure 13 and Figure 14 respectively,
the color contours of the corrected entropy are shown in the blade to blade sec-
tions of midspan and in the span section 0.95 for two bladed channels for the
three cases previously illustrated in Table 2.

As can be seen from the trends of Figure 13, the midspan section is influ-
enced not too significantly by the value of the tip gap height, with a modest in-
crease in the corrected entropy in the final zones of the suction side of both the
main and the splitter blades, which however remains within the value of the
unit. A different situation is instead found in the span section equal to 0.95, ie.
located near the tip gap.

In fact, in Figure 14, it can be noticed how the increase in the value of the tip
gap height involves significant variations in the corrected entropy field, with sig-
nificant alterations up to the inlet area of the blade as the height of the tip gap
increases. These changes indicate a strong tip leakage flow, and a strong recircu-
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lation flow in the area close to the shroud. In order to highlight this phenome-
non, a section orthogonal to the axis of the machine in correspondence of the
line drawn in the blade to blade sections of Figure 14 is made, obtaining the
flow fields shown in Figure 15.

The entropy increase at the inlet highlights the extension of the zone of flow
recirculation. The losses are produced in the tip leakage region and are trans-

ferred back to the inlet section by the reverse flow.

2
(a) 1.75.
1.5

1.25

|
075
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o.zsl
0

Figure 11. Corrected entropy at rotor exit for 0.2 mm (a), 0.6 mm (b) and 1 mm (c)
tip gap height.
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Figure 12. Absolute flow angle at rotor exit for 0.2 mm (a), 0.6 mm (b) and 1 mm
(c) tip gap height.
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Figure 13. Corrected entropy at midspan section for 0.2 mm (a), 0.6 mm (b) and 1

mm (c) tip gap height.
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Figure 14. Corrected entropy at span 0.95 section for 0.2 mm (a), 0.6 mm (b) and 1
mm (c) tip gap height.
DOI: 10.4236/0jfd.2019.91003 59 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2019.91003

D. Barsi et al.

@ (b) (©

Figure 15. Corrected entropy in orthogonal section for 0.2 mm (a), 0.6 mm (b) and
1 mm (c) tip gap height.

4.2.3. Performance Prediction

A step forward is the prediction of performance variation with the tip gap height
through simple one-dimensional equations, accordingly to what is discussed in
literature [4]. Starting from thermodynamics relations, the tip leakage flow
losses contribution was split in two components: viscous and inviscid losses. The
first term is related to the increase of entropy due to the stronger leakage flow
when tip gap increases (Entropy effect), while the second one is related to the
specific work reduction due to poor guided flow (Work effect). In Figure 16, the
efficiency drop is presented, in analogy with the article by Eum et a/. [4]. The ef-
ficiency drop is calculated as:

Efficiency drop = A? =C,—-C,— (4)
n T R

where 7 is the efficiency, 7 is the total temperature ratio and all the quanti-
ties with superscript * are referred to zero tip gap height. The coefficients C,

and C, are defined as:

C = — )

,Bn 7 -1 (6)

where y is the heat capacity ratio.

It is evident how the specific work reduction has a negligible effect on effi-
ciency decrease with tip gap, while viscous losses are relevant. The linear pattern
is conserved, but the correlation (sum of viscous and inviscid effects) underesti-
mates the efficiency drop compared to CFD simulations. In similar manner, in

Figure 17 the total to total pressure ratio drop is presented. It is calculated as:

. A A —As
Pressure ratio drop = ’B* w __V _*T_ As —As @)
y—17 R

23

In this case, the contributions to losses are equally important and the correla-
tion well captures the results provided by numerical computations.

5. Conclusion

Numerical simulations were conducted in order to evaluate the centrifugal
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Figure 16. Prediction of efficiency drop as a function of tip gap height.
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Figure 17. Prediction of total to total pressure ratio drop as a function of tip gap height.

compressor performance variation in scaling process. Global results (e.g. cha-
racteristic curves) were justified by detailed analysis on the flow field, with par-
ticular attention to the tip gap impact on flow structures. On the one hand, it is
noticed that the classical scaling procedure leads to a machine in perfect similar-
ity (velocity triangles, percentage operating range and total to total pressure ra-
tio) with a little increment of efficiency due to the increase in Reynolds number
with dimensions. On the other hand, keeping the same tip gap height (same
technological limit for impeller manufacturing) has a strong impact on perfor-
mance, leading to a different machine. Further investigations showed that the
variation of tip gap height affects significantly the machine efficiency (up to 10%
compared to the ideal case of zero leakage), pressure ratio and operative range
extension. In particular, the design mass flow rate cannot be processed if the
leakage flow structures are strong enough to obstruct the channel. The study
suggests that the global tip gap effect can be determined using simple correla-
tions which relate thermodynamic, aerodynamic and geometrical characteristics.
The pattern of efficiency and pressure ratio variation follow the linear behaviour
presented in literature, but there are large differences in curve slopes and mis-

matches in efficiency prediction.
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