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Abstract. This work deals with the conception of an axial flow compressor that would be part of a gas turbine to be designed,
aiming at 1 MW power output at design conditions. Number of stages, overall dimensions and blading is determined using mean
line and streamline curvature techniques. Off-design operation conditions are used to both determine the bleed and stators
repositioning needs aiming at good part load performance. Compressor maps are generated and the curve shapes analyzed. The

compressor is also analyzed as part of gas turbine. The operating line is calculated and the final bleeds and variable geometry of
the stators are set.
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1. Introduction

The axial compressor is the most used compressor in aero and industrial gas turbines, due to its high efficiency,
high mass flow per unit frontal area, high pressure ratio, simple mechanical design, so as to reduce manufacturing time
and cost and high reliability. Nevertheless, the aerodynamic and thermodynamic design process of axial compressor is
not simple, mainly at off-design conditions (Jansen and Moffatt, 1966) where the operation range is small.

Gas turbine engine requires a high efficiency turbomachinery, compressor and turbine. The function of a
compressor is to increase the stagnation pressure of the gas stream to that required by the cycle while absorbing the
minimum shaft power from turbine, see Fig. (1) from Saravanamuttoo et al. (2001).
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Figure 1. A single compressor stage represented by Temperature vs Entropy diagram.

The compressor power input is given by Eq. (1):

W= mcp(Toz _TOl) (1)
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where, W is the compressor power; m is the mass flow rate; c, is the specific heat at constant pressure and

(T,, —T,, ) is the difference of outlet and inlet stagnation temperatures.

Another important point in the axial compressor design is the thermodynamics involved in a single stage. The flow
in blade passages, rotor and stator, undergoes the following thermodynamic process: rotor increases the static pressure,
stagnation pressure, static temperature, total temperature, absolute velocity, enthalpy and density and decreases the
relative velocity along the blade chord; stator increase the static pressure, static temperature and density and decrease
the stagnation pressure and absolute velocity, maintaining constant the stagnation temperature.

In this work, the methodology applied considers the streamline at blade mid height. The design and performance
analyses of axial compressor are calculated with a computer code named AFCC (Axial Flow Compressor Code),
(Tomita, 2003). The compressor map may be generated to create the compressor operation map, using variable
geometry in the stators, and bleed. The case study in this work refers to an axial compressor used in a 5 kN turbojet and
in a gas generator of the LMW turboshaft. Detailed design uses, the streamline curvature method (Barbosa, 1987).

2. Design and Off-Design Performance

For the axial flow compressor design, the parameters used are: inlet stagnation temperature and pressure, pressure
ratio, efficiency, inlet and outlet Mach number, number of stages, hub-tip ratio, shape of axial channel (constant outer
diameter, constant inner diameter, variable mean diameter, constant mean diameter), mass flow, blade tip speed or
rotational speed. High efficiency is necessary since the gas turbine thrust and its efficiency increase with the pressure
ratio from high efficiency and performance compressor and turbine inlet temperature. High mass flow capacity is also
important compressor attribute because the maximum frontal area of the engine is controlled by compressor diameter,
thus high flow capacity is required to reduce drag force. The blades of a high performance axial compressor must
tolerate high relative Mach number so that high flow capacity and high relative speeds can be realized. The losses
(Denton, 1993; Miller and Wasdell, 1987; Wu, 1951) are the most important factor to be considered for compressor
design. The design methodology and loss models are very important for the accuracy and reliability of the results.

The compressor must also be able to provide suitable performance at other operating conditions (off-design)
imposed upon it. Therefore the compressor needs to provide satisfactory performance over a range of speeds, pressure
ratios and mass flow during all the operating conditions.

The analysis of the off-design conditions requires investigation of the matching of the compressor to the other
engine components. The losses at off-design operation (Carter, 1949; Carter and Hughes, 1948) are higher than at
design point. Variable geometry in the stator blades and flow bleed are the used to improve efficiency at off-design
conditions (Tomita, 2003; Tomita and Barbosa; Bobula and Soeder, 1983; Serovy, 1968).

To produce a compressor map prior to its fabrication is a must during the gas turbine design. It will provide insight
into the compressor and into the engine behavior, thus allowing unwanted behavior during engine operation.

3. The Axial Compressor Design and Performance

In this work, an axial compressor is designed and its performance calculated using the AFCC program.
The compressor would equip the gas generator of a turbojet and of a turboshaft. The design parameters are:

Inlet stagnation pressure: 101.325 kPa;

Inlet stagnation temperature: 288.15 K;

Inlet Mach number: 0.50;

Outlet Mach number: 0.26;

Pressure ratio: 5.0;

Polytropic efficiency: 89 %;

Number of stages: 5;

Tip speed: 355 m/s;

e Inlet hub-tip-ratio: 0.40;

e Axial channel: Constant Outer Diameter (COD).

Other assumptions were made based on literature data (Saravanamuttoo et al., 2001; Walsh and Fletcher, 1998;
Mattingly, 1996). The loss model is based on the model used by (Barbosa, 1987). The program has 2 modules: design
and performance analysis. The performance analysis module may accept the geometry calculated by another design
program. Initially a simple design, without variable geometry and bleed was carried out, aiming at low cost and weight.

The calculated channel is sketched in Fig. (2).
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Figure 2. Axial compressor channel.

The stagnation temperature distribution for each stage and the relative Mach number are presented in Figs. (3) and

(4).

Figure (3) presents the stagnation temperature increase for each stage, around 45 K.
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Figure 3. Stage temperature distribution. Figure 4. Relative Mach numbers.

Figure (4) shows the relative Mach number decreasing along the channel. The odd numbers in the absciss axis refer
to the rotor rows and even numbers refer to the stator rows.

Curves of constant speed were calculated. At off-design the losses increase mainly due high loading.

At design it is considered that the rotational speed is 100%. As the rotational speed decreases the operation range of
the compressor decreases, consequently high flow losses are verified to these low velocities.

The stall incidence angle ig, shown on Fig. (5) is the incidence at which the losses are twice the minimum loss
(wpmin ). Deflection (¢ ) is the difference between the inlet and outlet relative flow angle Eg. (2). Maximum deflection

is limited by stall.
E=01— Q) (2)
where, ¢is the deflection angle and « stands for inlet and outlet relative flow angle.

Compressor choke is caused by high speed flow and is attained when Mach number at blade throat is close of 1.0.
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Figure 5. Incidence stall angle.

The incidence stall can be calculated using the curves used by Tomita (2003):

. . S
Istall = f (aZOpt ;Clvopt ;ﬂl;ﬂz ; Iopt ; ‘9; 5opt ;E ; C) (3)
where, Aot is the optimum relative outlet flow angle; Clv

opt 18 the optimum lift coefficient; B is the inlet and
outlet blade angle; i

opt is the optimum incidence angle; @ is the camber; §opt is the optimum deviation angle (Carter’s

S
rule); — is the blade space-chord ratio; ¢ is the blade stagger angle.
c

The incidence and deviation are calculated by Eqg. (4) and (5):

i=a,—f (4)

where, iis the incidence; ¢ is the relative inlet flow angle at the rotor or stator and /3, is the inlet (rotor or stator)
blade angle (leading edge).

o=a,-p, ®)

where, ¢ is the deviation; «, is the relative outlet flow angle at the rotor or stator and /£, is the outlet (rotor or
stator) blade angle (trailing edge).

Note that at the stator blades the relative flow coincides with the absolute flow.

To analyze if the incidence, deviation and losses are acceptable, the minimum loss criteria, from NASA SP-36
(Johnsen and Bullock, 1956), were implemented in the AFCC program. One important remark is that the minimum loss
angles are not adequate for the nominal incidence or deviation due to high losses at low flows.

iml = Ki(io)lo +n9+(iD _izo)

(6)

To account for high speed flows, if the relative Mach number is greater than unity, Eqg. (6) is corrected as indicated
in Eq. (7):
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The minimum loss deviation is:
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S =K1}y +mo0 (i1 [ 22] 5, -50) ©
2D

where, ml stands for minimum loss condition; K, is the correction factor; (iO)lO is the zero-camber incidence

angle; n is the slope factor; (iD - '20) is the deduced variation of average rotor reference incidence angle minus low

speed two dimensional cascade rule reference incidence angle with relative Mach number; — is the thickness-chord
C

ratio; o is the solidity; K is the thickness correction for zero camber deviation angle; m is the slope factor for

minimum loss deviation; the exponent b is function of inlet air-angle; (50) is the zero-camber deviation angle at

10

reference minimum loss incidence angle deduced from low speed cascade data for 10 percent thick and (c(lj—?‘} is the
2D
slope at reference incidence.

Figures (6) and (7) show the results calculated by AFCC. From Figs. (8) and (9), a comparison between nominal
and minimum diffusion factor and the degree of reaction is straightforward.

The diffusion factor expresses the local diffusion at the blade suction surface in terms of velocities or angles. The
limiting value for this factor at the design point is 0.45. For high values of diffusion factor around of 0.65 the
compressor row (rotor or stator) has a premature stall and for small values around of 0.40 the boundary layer at the
blade can be a problem followed by flow separation. These limits are only approximate. A complex design study can be
necessary to know how each stage will behave. In the present design, the axial compressor diffusion factor is high in the
last stage, acceptable when compared with the minimum loss diffusion factor.

The degree of reaction is defined as the relation between increase of static enthalpy at the rotor divided by the
increase of total enthalpy at the stage. At the design point a good value for this parameter is around of 0.50.
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Figure 8. Nominal and minimum loss diffusion.

Figure 9. Degree of reaction.
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After the compressor has been designed, its performance was calculated at different rotational speeds. The design
rotation speed is 25650 rpm. Figure (10) shows the performance curves (map) of the compressor designed using the
AFCC computer program:
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Figure 10. The 5 stage axial flow compressor map operation.

At low speeds stall and choke limits are close. To increase the surge line (stability) and to increase the operation
ranges it is common to use variable geometry. Figure (11) shows the result of adding variable Inlet Guide Vane (IGV):
efficiency improvement at part-load operation. The changes are satisfactory in terms of stability, mainly at low speeds
variable IGV improves the operation range and efficiency as indicated in Fig. (12).
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Figure 11. Axial flow compressor with variable geometry.
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For the 5-stage compressor under study, only variable IGV was considered. Variable stators may be also installed
aiming at moving upwards the surge line. The stators equipped with variable geometry are more expensive and heavier
due to the complexity of the additional systems. Only the frontal stages require variable stators.
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Figure 12. Axial compressor efficiency improvement using IGV.

The overall loss analysis shows that at low speeds the losses increase due to bad matching, as indicated in Fig. (13).
The model used to calculate these losses depends on several parameters as indicated by Eq.(9):
loss=f(Cy;M o;M ;M

nls ncopt;al;az;l;g) 9)

where, C, is the drag coefficient; M , is the inlet absolute Mach number at the blade; M , is the inlet relative

Mach number at the blade; M is the optimum Mach number at the blade inlet; ¢, and ¢, is the inlet and outlet

ncopt

relative flow angle, respectively; i is the incidence angle and & is the deflection. The calculations follow the
procedures given by Tomita (2003).
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Figure 13. Compressor loss analysis.

An straightforward application of this design procedures was to produce compressor maps that were supplied as
data input for the GTAnalysis (Bringhenti, 2003; Bringhenti and Barbosa, 2004) computer code, for the calculation of
the gas turbine performance.

4. Conclusion
A technique to design a multi-stage axial flow compressor and evaluate its performance based on channel mid-

height flow (Casey, 1987) was used. The compressor map has been calculated and major foreseeable problems
analyzed. After the calculation of a map that would satisfy the application in an actual engine, detailed compressor
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design may be carried out. Next step is to use the streamline curvature program (Barbosa, 1987) to check for the flow at
other streamlines, in addition to the mid-height.
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