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ABSTRACT

Abstract: Reducing the loss in the airflow clearance among the compressor blades of the rotor disk
and stationary blades (guide vanes) is an urgent issue. Furthermore, additional losses of airflow
through the clearances among the blades and airfoil losses are the main cause of reducing the ef-
ficiency of an axial flow compressor, especially the blade height is small. With a view towards the
efficiency improvement of a multistage axial compressor with a high-pressure ratio, it is necessary to
manufacture a highly economical compressor with a variety of compression stages. Airflow in the
circulation clearances alternating among compressor blades has viscosity, unstable compression,
and quite complex flow structure. This needs to be researched into the design with the assistance
of modern software (ANSYS CFX, FlowER, etc.). Although this is an important step in the current
design orientation, it requires additional practical elements to perform, especially the problem of
optimizing the outer rim, the level, and the number of compression stages in the whole compres-
sor. In this paper, authors have used the method of creating three-dimensional (3D) models for
blade profiles in a compressor based on analyzing the flow in three-dimensional form and study-
ing their parameters. This paper deals with the geometry problems of the row of rotating blades
(cascade) by proposing the structural arrangement of stacking blades in the circular direction and
the blade profile formed the S-shape. Investigating and calculating the aerodynamic properties of
the airflow through clearances of compressor blades by using ANSYS is one of the new methods.
The researched result showed the dependence between the camber angle as the rotating blade
formed an S-shape profile rotates regarding the stagger angle of the airfoil and the incident angle
of airflow. Some characteristics of aerodynamic properties are distributed according to the blade
height in conducting with different curved profiles of the rotating blades on the rotor disk and
stationary blades.
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coefficient in airflow clearances

INTRODUCTION

With a view towards the efficiency improvement of a
multistage axial compressor with a high pressure ra-
tio, it is necessary to manufacture a highly economical
compressor with variety of compression stages. Air
flow in the circulation clearances alternating among
compressor blades has viscosity, unstable compres-
sion and quite complex flow structure. This needs to
be researched into design with the assistance of mod-
ern software (ANSYS CFX, FlowER, etc.) . Although
this is an important step in the current design orien-
tation, it requires additional practical elements to per-
form, especially the problem of optimizing the outer
rim, the level and number of compression stages in the
whole compressor. In this paper, authors have used
the method of creating three-dimensional (3D) mod-
els for blade profiles in a compressor based on analyz-
ing the flow in three-dimensional form and studying
their parameters.

MATHEMATICAL MODEL AND
METHODS

As well known, reducing the loss in the airflow clear-
ance among the compressor blades of the rotor disk
and stationary blades (guide vanes) is an urgent issue.
Furthermore, additional losses of air flow through
the clearances among the blades and airfoil losses are
the main cause of reducing efficiency of an axial flow
compressor, especially the blade height is small. One
of the methods to improve the structure of the flow
in the area of the tip and hub of blade is to use the
blades in a annular form (the slope of the blade profile
in the circular direction). The use of a row of annu-
lar (annular cascade) blade results in a redistribution
of the load along the section of the compressor blade
profile? and structural changes in the unstable influ-
ence of the rotating blades and stationary blades. The
change in pressure and efficiency regarding the blade
height depends on the entire load of the compression
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stages. However, the information on the different ef-
fect of the annular form to the parameters of com-
pressor stages is contradictory. Analyzing the impact
of radial clearance, it is reasonable to use blades with
blade cross-section in S-shaped boundary areas to re-
duce the intensity of turbulance through the clear-
ance. A similar blade profile (according to the entire
blade height) was created according to the ultrasonic
arrays, when controlling the diffusion of airflow clear-
ances alternating among the blades, so that the airflow
resistance on the blade trailing edge is suitable. The
use of the special profile of the compressor blade in
the compressor stages of multistage compressor of gas
turbine engine increases their efficiency.

The use of a annular cascade with an S-shaped pro-
file can provide significant efficiencies in both the first
and last compression stage. However, the informa-
tion available in the document is not codified and is
not suitable for actual use. Specifically, the effect of
the annular cascade on the characteristics of the com-
pression stage in the wide flow range and the outlet
blade angle at the outlet of the compression channels
is unclear. There is not enough information about the
distribution of the loss coeflicient along the blade sec-
tion in introducing a annular cascade and S-shaped
blades. Therefore, to implement these methods is to
require initial detailed analysis, especially by Compu-
tational Fluid Dynamics (CFD) method.

2.1. Geometry model

The issue is to create a geometric model of the row of
rotating blades and stationary blades of the compres-
sor stages, when applying the structure of the blades
is annular in the circular direction and S-shaped pro-
files have been solved by automated design systems
and ANSYS simulation software.

We consider that the aerodynamic profile of airflow
clearance among the compressor blades are formed
due to the symmetric deformation of the initial blade
profile. The center line of the original profile is curved
according to a certain rule so that the angles are at its
intersection points with the horizontal axis at coordi-
nates (0;0), (Bi; 0) in the original coordinate system
respectively y;; and 7»; (the horizontal axis represents
the arc of the blade profile, the vertical axis perpen-
dicular to the horizontal axis) (Figure 1). The positive
direction of the horizontal axis is taken from the tip
to the hub of the blade. The camber line in a curved
airfoil of the blade may be represented by an arc, a hy-
perbolic arc, or as a representation of polynomials *:

(1)

To find the coeflicients (a, b, ¢, d, f, e), as well as the
quantities, we solve the system of equations (2) with

Yi=a+bXi+cX}+d. X} + X} +eX?
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some radius value R;. The first five equations rep-
resent the initial geometry of the camber line in the
coordinate system (Figure 1), the sixth and seventh
equations assume the shape of the camber line as an
arc at leading edge of the blade profile (in the distance
% and % in the arc). The eighth equation describes
the S-shaped profile at the trailing edge of the blade
(Figure 2).

where: i - the number of cross-sectional areas accord-
ing to blade height; (a, b, ¢, d, f, e): coefficient of the
polynomial; B; - length of chord at the radius R; of
the blade profile; (X fi) : coordinate of the maximum
deflection of the contour average at the radius posi-
tion R;; 71; and 7»; - the camber angle of the camber
line at the point of intersection with the horizontal
axis at the radius position R;; 6; - the stagger angle
of the blade profile at a radius position R;; Ps; - the
S-shaped parameter of the camber line of the blade
profile; (ﬁym)gn - the initial air inlet angle of air-
flow clearance at the radius position R; (when Ps; =0,
(Biri)gy - the initial blade inlet angle at position R;);
The parameter Pg; change can be made according to
a defined rule along the blade height within the range
Fsi =
value of the parameter when ; ~ 0.

(0 (Psi) jnax)» Where (Ps;) 0, - the maximum

When increasing the parameter Ps; corresponds to the
larger S-shaped profile at the air oulet angle. Recal-
culating the coordinates of the blade profile from the
coordinate system (Figure 1) to the basic coordinate
system, taking into setting of air inlet angle is deter-

mined by:
Byeri = Buri + 1 (3)
Xevi(Xi) = Xi. cos(Byeri) — Yi(Xi) sin(Byeri) (4)
Yepi(Xi) = Xi. sin(Byeri) + Yi(X;) cos(Byeri) (5)

where: By - air inlet angle; X.5;(X;), Yepi (X;) - coor-
dinates of the contour average line at the basic coor-
dinate system.

Here we consider that the contour of the annular
blades in the circular direction, by making the axis of
the center of the blade form a curve, when the axial
position of the center of mass at a radius R; is deter-
mined by the angle 8,; (the angle of rotation of the Z-
axis around the X-axis, the direction from the Z-axis
to the Y-axis).

The mean camber of profile of each cross-section ac-
cording to the blade, height of the symmetrical coor-
dinates of the profile, the radius value of the leading
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Figure 1: Diagram of the average of the original profile in the original coordinate system
a=0
tg(ylf) = b;’

tg(y; +6)=b,+2-c;-B*+4-f,-B} +5-¢;-B}, y, >0
0=b;+2-¢;-(X p)+3-d; (X ;) +4- ;- (X ;) +5-¢,-(X p)*
O=a +b,-B,+c,-B>+d,-B}+ f,-B} +¢,-B}

s (B oo BY va BT s (B o BY | [ BV (B_BY| _B
L 25 25 25 25 25 ) |yl 2-sin(y,) 25 2 2-tan(y,,)

b o) {8, )

a+b-i+c-i2+d- i.aq.f. i.4+g.i5— Bi .2_ i_iz_ B;
T30 30 30 30 30) |4l 2-sin(y,) 30 2 2-tan(y,,)

Figure 2: The eighth equation describes the S-shaped profile at the trailing edge of the blade.
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Figure 3: Calculation scheme for stacking structure of blades a. Diagram of a circulation gap between two blades

b. Diagram of a annular structure in circular direction
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and trailing edges, the relative maximum thickness of
the blade profile (Cynaxi); value of 5; is formed by the
geometry of the blade profile.

We use ANSYS software to create a solid-state geom-
etry model with the shape of the compressor blade,
with additional data such as the shape of the camber
line according to the blade height, predetermined de-
pendent coefficients in polynomial (2), taking into in-
let blade angle and shape of the camber line (these co-
efficients and values are calculated and included from
the Mathcad program). This method is to create a
blade profile to use calculations in the CFD calcu-
lation program. The results obtained are the influ-
ence of the changes of the blade’s geometry parame-
ters such as: the annular in the circular direction (an-
gle 65;), the degree of S-shaped curvature (parameter
P), the flow structure and the aerodynamic charac-
teristic of compression stages.

Research object

To assess the influence of the S-shaped profile of cam-
ber line to its characteristics, we consider that the in-
termediate levels of the high pressure compressor in
gas turbine engine* (Figure 3).

The shape of blade is done according to the invariant
law of the circulation along the blade height. In order
to establish the turbulent flow at the entrance of the
compressor during the calculation, it is necessary to
assume the geometric change of the inlet guide vanes
at the compressor inlet.

Methods

When constructing the computation range for a cas-
cade’, we enter a parameter for meshing (the repet-
itive part of the wing is considered), with a parti-
tion of about 3.5x10° nodes in a loop. Parameters
y™ are controlled in the calculation process such that
yt < 3. Method of making interference, with in-
terference level at compressor entrance is 5%. The
computational problem is considered when combin-
ing the boundary condition of the total pressure at the
inlet with the problem of the direction of flow - the
static pressure at the outlet. Use the average at the
boundary of the computational domain of the neigh-
boring rings. The criterion of the calculation is to es-
tablish the basic integral properties of the flow, when
the minimum value of the middle square of the flow is
reached. In the simulation, maintain the Reynol coef-
ficient R, > 2.10° by setting physical conditions (real

conditions) at the entrance to the calculation area.
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RESULTS AND DISCUSSION

Analyzing the influence of the S-shaped
profile of the camber line along the blade
height to the characteristics of the airflow
clearances in compressor

In the first stage, determining the effect of the shape
change of the camber line profile according to the
blade height to the loss coefficient, air outlet angle
from airflow clearances, diffusion coefficient D.

The study was carried out in the calculation mode ac-
cording to the flow mass, rotational frequency of the
rotor (7,p = 1.0; GBnp =1.0).

The study follows 12 alternatives for the geometry of
the impeller (Table 1, here (Ps),,,, - the value of the
parameter Ps when 7, > 0).

The density of the clearance among the rotating blades
is made up at the mean radiusis ? = 1.16, the relative
bladeheight % = 1.37, the size of chord b = 36.6 mm,
the coefficient H = 0.263, C;, = 0.45.

According to the CFD results®, it is found that, when
the camber line of the profile is S-shape, the angle
of resistance at the trailing edge will decrease. This
change is larger than the effect of the parameter Ps on
airflow resistance. At the same time, when the con-

centration Cj, increases the diffusion coeflicient D
increases, leading to a change in the distribution of
the loss coefficient in the airflow clearance according
to the blade height.
The results obtained according to the distribution of
loss coefficients (Figure 5) are unreliable and need
further examination by testing. In the second phase,
solve the problem of determining the resistance an-
gle of the flow in the trailing edge from the airflow
clearances with the shape of the camber line of the S-
shaped blade and when the incident angle of the air-
flow is nearly optimal.
In order to get the dependence of the resistance an-
gle on the geometry of the rotaing blades, use the lay-
out diagram of the orthogonal centers. In this case,
the parameter Py changes within Py = (0.06 - 0.34);
average deflection of the cross-sectional profile of
the blade (Xf =04: 0.5), the air inlet angle of the
channels(f8; =33 +43°), the parameter of rotation
speed @?R = (2.29 +3.29).105.
When assessing the camber angle of the air flow, use
the formula®:

m

5:50+(b)b.e
t

where: &y - angle of the corner when there is no de-
flection of the blade profile; 6 - the angle of the blade

(6)
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Table 1: Calculation options on CFD when changing parameters

Figure 4: Calculation scheme for investigation in CFD

Options
1-1
1-2
1-3
2-1
2-2
2-3
3-1
3-2
3-3
4-1
4-2

4-3

Relative blade height
1.0
1.0
1.0
0.5
0.5

0.5

Parameter
(PS)max/4
(PS)max/2
3(PS)max/4
(PS)max/4
(PS)max/2
3(Bs) e/ 4
(PS)max/4
(PS)max/2
3(P) max/4
(Ps)max/4
(PS)max/2

Wt
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profile; b - coefficients depending on the air outlet an-
gle, then the value &y and b given accordingly. To find
the coefficient m use the regression method. After
determining the coefficients of the regression equa-
tion, we will get an approximate mathematical model
to evaluate the coefficient m in the S-shaped-shaped
working blades:

m = 0.043p; +0.02590>R —0.733(Ps + X 5)
— (0.229P5 — 0.046) (20)? = 9)

—(7.143P5 — 1.429) (0.121P5 — 0.024)
+(0.0345P5 — 0.007) <@)
— (2w’R—5.581) (0.034w?R — 0.095)

—(20x; —9> (0.82)? 5 —0.037

—38
—(0.004B; —0.147) (‘*‘T)
—(0.0058; —0.186) (20>R — 5.581)
+(0.032P5 —0.006) (2w*R —5.581)

+ (0.208%, —0.004 ) (%)
+(0.252X,—0.113 ) (20°R—5.581) —0.492

Quantitative evaluation of the coeflicient m in the cas-
cade of the S-shape using expression (7), the result is
shown in (Figure 6). When the contour of the cam-
ber line is S-shaped, it will reduce the resistance angle
at the oulet of the airflow clearances (Figure 7). The
larger this change is the larger, the profile of camber
line of S-shape is the more, the diffusion coefficient
increases (Figure 8).

Calculating the dependence of the loss coefficient on
the diffusion coeflicient for the average cross section
of the study cascade when giving the P for speed
my < 0,65 compared to the original data, shown in
Figure 9.

Analyzing the effect of the blade profile to
the characteristics of the airflow clearances
in compressor

For each level of the high pressure compressor (Fig-
ure 4), the characteristics of each rotating blades and
stationary blades were investigated when changing
the annular of the blades (angle 6,;) (Figure 3). Ob-
serving the performance of each level when the pa-
rameters at the inlet are stable, for each mode of op-
eration of that level. In all of the layout patterns sur-
veyed for each cascade (Figure 10), it was observed
that there was a change in the parameters in the end
zones, especially in the radial clearances. The loss co-
efficient (8) in these regions increases with increasing
parameter 0; (in which case the convex side of the
blade profile is wider).

Sle8

Simultaneously with the increase 6,;, the level of com-
pression in the middle part of the airflow clearance be-
tween the two blades decreases, resulting from the re-
distribution of parameters according to height. When
decreasing 60,, observing the tendency to reduce the
loss coeflicient in the centrifugal gap area in the mid-
dle of the circulation gap found that the reduction in
loss coeflicient is negligible (Figure 11):

AP*
(W7) /2
When studying the effect of the annular of the blade
profile (Figure 12) on the changes of parameters along

the blade height through which the air flow (stronger
intensity, compared to the rotating blade), It can be

&= 8)

seen that there is an uneven trend of increasing at the
end of the blade profile, ie at the convex area of the
back of the profile (the parameter 6,; decreases for the
blade direction). When decreasing 65;, the loss coef-
ficient increases both in the end area (Figure 13) and
in the middle of the clearances. In the case of the con-
vex side of the wide-blade profile, the loss coefficient
increases (20-40)%. With the concave surface of the
wide blade profile, the value of the average loss coeffi-
cient according to the height in the ring is reduced by
8 + 10%, then in the middle of the profile the blades
of the blade direction the loss coeflicient decreases by
10% with the value 6,; = 3°. In the distance away
from the exit gaps, a decrease in the angle of airflow
obstructs the magnetic flow 1 +1.5°.

The distribution of the average loss coefficient accord-
ing to the height of the impeller and the direction of
the blades when changing the annular structure of the
blades is shown in Figure 14. The distribution of the
diffusion in the flaps along the height of the blade is
shown in Figure 15.

CONCLUSIONS

The paper presents a method of formulating the struc-
ture of overlap blades in a compressor when applying
the S-shaped blades regarding the circular direction.
Obtaining a new model for determining the camber
angle in the airflow clearances of the rotating blades
which camber line is S-shaped, taking into account
the thickness, the strugger angle of the cross section
and the air inlet angle.

The article shows that the camber line has been the S-
shaped blade profile, the camber angle of the air outlet
cleareances in a compressor decreases. The larger this
change is, the larger the S-shaped profile is and the
diffusion coefficient increases.

It has been determined about introducing a annular
structure of the rotating blades and stationary blades
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Figure 5: The distribution of the loss coefficients along the profile height of the impeller according to the blade

height when choosing different parameters P

in the circular direction, when the concave surface of
the blade profile is wide, the loss coefficient within the
blade is reduced by 8-10%. In the case of the convex
side of the wide blade profile, the loss coefficient in-
creases by 20-40%.

Affirming the good effect of giving the annular struc-
ture of the blades, it is achieved mainly by improving
the flow structure in the trailing edge of the blades.
For the airflow clearance of the stationary blades, the
concave surface of the wide blade profile shows a de-
crease in the strugger angle in the distance from the
center 1 +1.5°.
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the blade height
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