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Summary

Centrifugal compressors, which have lost their application in the military crew airplanes, are
often implemented to small-dimension unmanned aircraft engines. Their one-stage high-pressure
ratio, low-complexity construction and relatively small dimensions and weight consolidated their
position in modern constructions. Continuous development of these compressors has attracted in-
creased attention to the flow field in smaller and fast-rotating blade passages. Supersonic phenom-
ena, mixing losses and unsteadiness of the flow in the impeller are expected to be studied with more
details.

The work presented in this report was performed at the Ecole Nationale Supérieure d’Ingénieurs
of Constructions Aéronautiques (ENSICA) in Toulouse within an UAV engine development program
led by Department of Fluid Mechanics, ENSICA and JPX Company, France.

The purpose of this study was to investigate numerically several design solutions implemented
to mixed-flow compressor stage of the 100kN turbojet engine named T100.

1. INTRODUCTION

At the beginning of conception work on the T100 engine, an 18-blades sinusoidal (mixed-flow)
compressor with 9 splitters was designed (Figure 1). The main objective in placing additional
blades in flow passage of the machine was to adapt as much as possible the geometry to super-
sonic flow expected at the inlet. Hence, from 18 full-length blades, half of them were cut at some
distance from the blade leading edges to enlarge inlet throat, and as result avoid choke problems
in this region. However, during experiments it occurred that the inlet conditions are subsonic
and that the front section of the impeller does not have to be designed so restrict. Thus, as
a method to reach higher stage efficiency it was proposed to replace the splitters by full-length
blades. In the impeller without splitter more uniform flow in the blade passage, and consequently
higher efficiency were expected. As the result of the two concepts, a necessity of their comparison
took place.

Next improvement introduced to the compressor’s design was reducing tip clearance to min-
imum. It was possible due to new material applied on the shroud surface, which allowed to match
the blade tips up with the shroud surface by wearing down used material from the internal
shroud surface (abradable process). Therefore, need of numerical trade-off study of the tip clear-
ances effect on performance occurred.

The last analysis was dedicated to choke effect occurring in the non-splittered compressor.
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Since this phenomenon has crucial significance for the impeller performance and operating
range, critical back static pressure and respective mass flow rate within compressor had to be
known.

The NUMECA software was used for this project. The package is highly sophisticated tool ded-
icated for design, analysis and optimization of turbomachinery. NUMECA provides many useful
features regarded to mesh generation (IGG/AutoGrid), solving (FINE/Turbo) and post-process-
ing (CFView) of turbomachine CFD models.

Fig. 1. Mixed-flow compressor stage with splitter (left) and without splitter (right)

2. THEORETICAL ASPECTS

To enable comparison of the two analyzed compressor designs, it is worth to define few im-
portant operating parameters that characterize turbomachines.

2.1 Efficiency

For all turbomachines efficiency is defined as ratio of work inputs into ideal and actual com-
pressors, which have equal pressure rise [2]:

(1)
In adiabatic processes work input is equal to the rise in stagnation enthalpy:
(2)
Then, the efficiency is defined as:
(3)

After introducing uncomplicated thermodynamics expressions for the enthalpy we receive
simple expression for the isentropic efficiency [2]:

(4)

However, definition of the isentropic efficiency has one major disadvantage, i.e. it gets lower
as the overall pressure ratio increases. It can be avoided by using another expression for effi-
ciency in adiabatic compressors, called polytrophic efficiency. It removes the mentioned penalty
so that compressors of the same aerodynamic quality, but significantly different pressure ratio,
would have the same polytropic efficiency [2]:
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(5)

2.2 Slip effect

Since the compressor stage consists of rotating components we can distinguish two frames of
reference: the absolute frame where velocity is related with stationary coordinate system and
the relative frame is moving at the local blade speed. In these two frames we can consider
relative and absolute velocities which throughout this report are denoted by W and C, respectively.
The velocity triangles can be built using the vector relation: relative velocity + blade speed = ab-
solute velocity [1]. Velocity triangles at the inlet and the outlet of the impeller are shown in
Figure 2. Relative flow angle is denoted by £ and absolute flow angle by a and they express in-
clination of the relevant velocity vectors from axial direction. Moreover, each velocity vector is
usually decomposed onto components parallel to principal axes of compressor: meridional and
tangential.

The designers of centrifugal impellers are interested in the real flow direction relative to the
blades because in the impeller-exit area the flow direction does not follow blade geometry and
deviates significantly. In general, the mean flow angle £3, is lower then the blade angle £5,,. The
difference between the two is called a slip angle, 3,, and the effect itself is usually called a slip
effect in impeller. Due to the slip effect the pressure ratio is often lower than theoretically pre-
dicted [3].

2.3 Non-dimensional parameters

Non-dimensional design parameters allow describing the overall performance of the machine
so that assessment and comparison between compressors with different dimensions and flow
parameters can be easily made. The first and the most obvious dimensionless parameter is static
or total pressure ratio which expresses ability of the compressor to rise the pressure in the im-
peller [8]:

(6)

The nominator in the given formula is the stagnation pressure at outlet of the impeller and de-
nominator is the stagnation pressure at inlet. The choice of either static or stagnation pressure
depends on the designer. Second non-dimensional parameter, which for isentropic process can
be derived directly from pressure ratio, is temperature ratio [8]:

(7)

Non-dimensional mass flow is the next crucial parameter deciding about compressor
performance. It is expressed as [2]:

(8)
Then, mass flow corrected to standard conditions expresses as [2]:
(9)

where p,.=101300 Pa and T,.=288K is a reference standard atmospheric pressure at zero sea
level.
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2.4 Choke Flow in Compressor

Choke flow, also recalled as ‘critical flow’, is a special effect in compressor when due to sonic
conditions in passage higher flow velocity cannot be reached. In gas flow through orifice there
is a specific downstream/upstream pressure ratio for which the gas velocity reaches sonic con-
ditions. At this point no information can be transmitted upstream through the nozzle and any
further increase of the backpressure produces no increase of the mass flow and the flow becomes
choked. However, mass flow can still increase due to rise of upstream pressure. As the inlet air
pressure builds up, the density of the fluid also increases and since the mass flow is also a func-
tion of density, the mass flow rate increases linearly with inlet pressure [7].

The best experimental approach to create a ‘choke map’ for compressor is decreasing back
static pressure to critical value and measuring corresponding mass flow and pressure ratio. Ob-
tained function of pressure ratio in terms of mass flow rate is the compressor path to choke. In
numerical simulation sonic conditions are achieved similarly, by lowering backpressure from
value of 110% of the nominal static pressure to a point where choke is reached.

Figure 2. Velocity triangles at inlet and outlets of compressor stage

3. NUMERICAL MODELLING

Computational mesh was generated by means of the IGG/AutoGrid software. In the following
turbomachinery studies the overall number of grid points ranges between 330,000 for the non-
splittered compressor passage up to 950,000 for the splittered compressor passage (Figures 3
and 4). Special attention was paid to the high gradient regions like leading- and trailing-edges
and to the first cell width along all solid boundaries of the profile (Figures 5 and 6).

To assess influence of turbulence model used in calculations, appropriate trade-off study for
one test-case (non-splittered centrifugal compressor stage with no tip clearance) was per-
formed. Pressure and temperature ratios and efficiencies computed during this examination are
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compared in Table 1. It can be clearly seen, that the specified values for Baldwin-Lomax model
differs from that for mutually similar Spalart-Allmaras and k-€ models. Having in mind that the
one-equation Spalart-Allmaras turbulence model connects low numerical expenses with rela-
tively good accuracy, this particular model was chose for all the computations. Values of y+ vary
between 15 and 60, which is fully acceptable range for the Spalart-Allmaras turbulence model.

Table 1. Comparison of results for three different turbulence models

Turbulence Pressure | Temperature | Isentropic

Model Ratio Ratio Efficiency
Baldwin—-Lomax | 4.535 1.556 0.971
Spalart—Allmaras | 4.464 1.572 0.931
Standard k-¢€ 4.483 1.566 0.945

non-splitter blade

3D mesh

Figure 3. 3D mesh for non-splittered compressor passage
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splitter blade
3D mesh

Figure 4. 3D mesh for splittered compressor passage
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Figure 5. Clustering near the blade trailing edge
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Figure 6. Near wall mesh resolution

In order to model actual conditions occurred during lab test of the compressor, a total at-
mospheric pressure, temperature and flow angle at the inlet were imposed. At the outlet a sta-
tic pressure with radial equilibrium law was imposed. Summary of boundary conditions
applied to the models is shown in Table 2.

Table 2. Boundary conditions for sinusoidal compressor stage study

Case study Inlet Outlet
Splittered Py =101300Pa p, =180kPa
compressor stage | T, =288K :
Non-splittered Py =101300Pa —180kPa
compressor T, =288K P
Choke Do, =101300Pa

=125+195kP
flow effect T, = 288K P: ¢
Tip clearance Py =101300Pa p, =180kPa
effect T,, =288K ?

5. COMPARISON STUDY RESULTS

In Table 3 the most important quantities describing flow state at the inlet and outlet are pre-
sented. The first noticeable difference in flow parameters between the cases is the mass flow
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rate, which in the splittered compressor is lower by 0.2kg/s. The reason of the worse
performance of the splittered compressor is a noticeable swirl generated at the splitter blade
leading edge (Figure 7), which proceeds mainly to the right-hand side part of the compressor.
Therefore, the right-hand side channel is less loaded and it transports only 42% of the overall
mass flow. Figures 8 and 9 show clear difference in the flow pattern between these two sides of
the compressor. On meridional planes, located in the middle of each channel, an absolute dimen-
sionless velocity, C,,/U,, for the splitter-blade configuration is plotted. Figure 10 shows flow field
plotted at the cross section plane located downstream the splitter blade leading edge, and in
case of non-splittered solution, in the corresponding distance from the inlet. The wake generated
at the splitter blade is clearly seen as it occupies around 30% of the right-hand side flow duct of
the splittered blade impeller.

Less uniform and stable flow for splittered version of the compressor leads to lower total pres-
sure ratio achieved at the exit of the splittered impeller. Moreover, this situation is accompanied
by worse isentropic efficiency, which dropped from 0.839 for the non-splittered impeller to 0.817
for the splittered compressor. Slight distinctions can be noticed in relative and absolute outlet
Mach numbers which in the non-splittered compressor are bigger due to less perturbation and
mixing losses. More surprising differences can be observed in the flow angles values. For impeller
without splitter blade absolute and relative flow angles are 9 and 1.6 degrees greater, in respec-
tive order. It implies changes in rotor-diffuser interaction, and hence difference in the flow angles
should be taken into account during designing of succeeding diffuser.

Table 3. Global flow parameters for splittered and non-splittered compressor stage

Flow Splittered | Non-splittered
parameter impeller impeller
Py [KPa] | 101300 101300

Ty [K] 288 288
p, [kPa] 185737 185675
Py [kPa] [ 374679 382660

7, [K] 367.6 364.2

T, [K] 448 446.8

M, 1.046 1.064
5, [deg] -32.2 -30.6
, [deg] 45.4 54.7
AB, [deg] 23.8 25.4
m [ke/s] 1.68 1.88

Ocorr 2.814¢* 3.149¢*
=Py /Pu 3.7 3.78
=1, /T, 1.555 1.551

Misentr 0.817 0.839

M potinr 0.847 0.866
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Figure 7. Swirl at the splittered compressor inlet

Figure 8. Flow pattern in the right-hand side channel of the splitter-blade impeller
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Figure 9. Flow pattern in the left-hand side channel of the splitter-blade impeller

Figure 10. Flow pattern in cross-section of the impeller
for splittered (left) and non-splittered (right) compressor stage.
PS - pressure side; SS - suction side

6. TIP CLEARANCE EFFECT FOR NON-SPLITTERED COMPRESSOR

The numerical tests of the tip gap influence were done for the previously investigated non-
splitter blade mixed-flow compressor stage with 18 blades and basic tip clearance of 0.6 mm.
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The seven different values of the clearance gaps were examined. They were ranging between 0.0
and 1.0 millimetre (0.0, 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 mm). Regarding design conventions, the val-
ues were expressed in percents of blade height at outlet and were contained within 0 to over
15% of blade height.

Figure 11 reveals stagnation pressure contours at the impeller outlet for different clearances.
The profile is plotted from shroud to hub. Significant decrement of the pressure magnitude from
450kPa to 390.2kPa with tip clearance rising is observed. Moreover, peak of the pressure value
is shifting from the shroud towards to the centre of the channel. Slope of the pressure contour
becomes steeper with higher negative gradient in hub direction. This clearly proves that flow
path is affected not just near the shroud, as might be expected, but right across the passage.

Figure 12 illustrates pressure ratio change due to tip clearance rise. Again, evident linear drop
in pressure ratio value from 4.1 to 3.67 can be noticed.

Figure 13 reveals values of isentropic efficiency. For tip clearance rising from 0.0 to 1.0 mm
(0-15% of blade height) isentropic efficiency drops by over 7. The tendency of the function clear-
ance-efficiency is almost linear, what agrees with literature. Moreover, the efficiency decrease
rate confirms general rule, which states, that one point of stage efficiency is lost for an increment
of passage clearance which is equal to 3% of the passage height at impeller discharge [4].
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Figure 11. Total pressure profile at the impeller outlet for different tip clearances t,
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Tip Clearance Influence on Pressure Ratio
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Figure 12. Pressure ratio for different tip clearance in non-splittered compressor

Tip Clearance Influence on Isentropic Efficiency
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Figure 13. Influence of tip clearance on isentropic efficiency
7. COMPRESSOR MAP TO CHOKE

The model was the non-splitter centrifugal compressor stage with tip clearance 0.6mm and
maximum pressure ratio of 3.85:1 and mass flow rate 1.88kg/s for 45000RPM.

In Figure 14 corrected mass flow rate and total pressure ratio are plotted versus downstream
static pressure. At the beginning of decrease of the static pressure, the mass flow rate raises with
high gradient. With further drop of backpressure the slope of the mass flow rate becomes less
steep. Finally, in the range of 150 down to 125kPa, the rise of the flow rate is insignificant, reach-
ing magnitude of 2.26kg/s. At the same time, pressure ratio drops with almost linear function,
from 3.88:1 to 3.6:1. For the lowest, critical outlet static pressure of 125kPa, a supersonic flow
occupies significant part of the blade channel. The outlet of the impeller is completely blocked
by supersonic flow (Figure 15). Complete compressor choke map is presented in Figure 16. It
reveals nonlinear relation between mass flow rate and pressure ratio, known from turboma-
chinery theory. The satisfying pressure ratio is achieved for mass flow not higher than 2.15kg/s.
Above this value pressure ratio decreases drastically with important increment of deficiency.
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Figure 14. Mass flow and total pressure ratio as a function of backpressure

Figure 15. Critical conditions at the impeller outlet
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Compressor Map to Choke for Non-Splittered
Compressor Stage
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Figure 16. Compressor map to choke for the splittered compressor wheel

8. CONCLUSIONS

During this project several important compressor design issues were addressed. As a result of
the initial modification of the centrifugal compressor; splitter blade has been removed. Numerical
analysis proved better performance of the non-splittered version. Presence of splitter blade in
the flow duct caused disturbed and swirled flow implying significant difference between divided
flow passages. This effected lower pressure ratio and mass flow rate. The next improvement re-
garded to reduction of clearance on the blade tip. The relevant computations showed lower ef-
ficiency with increasing tip gap due to increased mixing losses and swirled flow within tip
clearance. Linear relation between efficiency loss and tip clearance, obtained in numerical cal-
culations, agreed with turbomachinery theory. The last stage of mixed-flow compressor CFD
study provided choke flow predictions. By controlling outlet boundary conditions, a higher mass
flow rate through the compressor was produced. As the effect of higher mass flow rate, the rel-
ative Mach number reached unity at the geometrical throat of the blade passage and choke flow
occurred. Presented relations between mass flow rate and pressure ratio enabled to define upper
limitations of stable operating range for the designed compressor.

List of Symbols

absolute velocity,

absolute meridional velocity,
absolute tangential velocity,
relative velocity,

relative meridional velocity,
relative tangential velocity,
blade tip velocity,
stagnation enthalpy,
specific work,

static temperature,
stagnation temperature,
static pressure,

Po stagnation pressure,

y specific heat ratio,
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M absolute Mach number,

n efficiency,

T pressure ratio,

T temperature ratio,

N dimensionless speed,

(0] non-dimensional mass flow,

a absolute flow angle,

B relative flow angle,

By blade angle,

A6 slip angle,

t, tip clearance.
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B. Bogucki

ANALIZA NUMERYCZNA PRZEPLYWU W STOPNIU SPREZARKI
OSIOWO-PROMIENIOWE] SAMOLOTU BEZZALOGOWEGO

Streszczenie

Sprezarki odsrodkowe, ktére stracity w ostatnich dekadach swoje zastosowanie w silnikach
wojskowych samolotéw zatogowych, sq czesto stosowane przy napedzie matych samolotéw
bezzatogowych. Ich relatywnie duzy stopien sprezania z jednego stopnia przy jednoczesnie matych
wymiarach, umocnity ich pozycje w nowoczesnych konstrukcjach matych statkéw powietrznych.
Przy dqzeniu do poprawienia ich sprawnosci, konstruktorzy ciqggle napotykajq szereg
niestacjonarnych i nieliniowych zjawisk, ktére wymagajq ustawicznych badan.

Projekt prezentowany w tej pracy zostat przeprowadzony na uczelni Ecole Nationale Supérieure
d’Ingénieurs of Constructions Aéronautiques (ENSICA) w Tuluzie, w ramach programy rozwoju
silnika do samolotu bezzatogowego. Prace byty wspoét prowadzone przez Wydziat Mechaniki
Ptyndéw z tejze uczelni oraz przez firme JPX z Francji. Celem pracy byto przeprowadzenie analizy
numerycznej rozwiqzan konstrukcyjnych zaimplementowanych w sprezarce osiowo-promieniowej
silnika T100 o ciggu 100kN.

NUMERICAL INVESTIGATION OF FLOW IN UAV SINUSOIDAL COMPRESSOR STAGE 17



