Check for
updates

The Aeronautical Journal (2024), 128, pp. 191-210
doi:10.1017/aer.2023.40 R A AUTICAL
SOCIETY

REGULAR PAPER

Vorticity dynamics diagnosis of the internal flow field in a
high-load counter-rotating compressor

T. Yan, H. Chen and P. Yan

School of Energy Science and Engineering, Harbin Institute of Technology, Harbin, China
Corresponding author: P. Yan; Email: peigang_y@163.com

Received: 1 February 2023; Revised: 12 April 2023; Accepted: 18 April 2023

Keywords: counter-rotating compressor; numerical simulation; vorticity dynamics diagnosis; boundary enstrophy flux;
aerodynamic optimisation design

Abstract

A high-load counter-rotating compressor is optimised based on the method of coupling aerodynamic optimisation
technology and computational fluid dynamics, and the flow structures in the passage are analysed and evaluated
by vorticity dynamics diagnosis. The results show that the aerodynamic performance of optimised compressor
are obviously improved at both design point and off-design point. By comparing the distribution characteristics of
vorticity dynamics parameters on the blade surface before and after the optimisation, it is found that BVF (boundary
vorticity flux) and circumferential vorticity can effectively capture high flow loss regions such as shock waves and
secondary flow in the passage. In addition, the BEF (Boundary enstrophy flux) diagnosis method based on the theory
of boundary enstrophy flux is developed, which expands the application scenario of the boundary vorticity dynamics
diagnosis method. The change of vorticity dynamics parameters shows blade geometric parameters’ influence on
the passage’s viscous flow field, which provides a theoretical basis for the aerodynamic optimisation design.

Nomenclature

[0} vorticity (1/s)

n normal vector

o density (kg/m®)

nw dynamics viscosity coeflicient (Pa-s)
T total pressure ratio

P* total pressure (Pa)

T* total temperature (K)

m rate of flow (kg/s)

n* efficiency

T total pressure ratio

BVF boundary vorticity flux (m/s ?)
BEF boundary enstrophy flux (kg/s*)
wy bircumferential vorticity (1/s)

1.0 Introduction

The high-load counter-rotating compressor has obvious advantages in reducing the number of stages
and improving the thrust-to-weight ratio of the aero-engine. However, with the increase of stage
load, there are all kinds of complex vortices movement and flow separation problems in its high
adverse-pressure-gradient passage, such as shock wave/boundary layer interaction, secondary flow,
and other three-dimensional viscous fluid motion directly restrict the efficient and stable operation of
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counter-rotating compressor [1-3]. With the development of computational fluid dynamics, the flow
field details inside the turbomachinery passage are shown more comprehensively. It has become one of
the important means to improve the aerodynamic performance of turbomachinery to remodel the high
flow loss area based on the simulation results of flow field [4-8]. At present, the conventional simulation
analysis methods usually diagnose the distribution of pressure and velocity to judge the quality of the
flow field, However, the flow parameters such as pressure and velocity in most of the flow fields are
basically continuously changing, and the qualitative analysis of such conventional physical quantities is
limited in guiding the actual flow diagnosis and design optimisation of turbomachinery.

Kiichemann and Lu pointed out that the vortex is the tendon of fluid motion and the essence of fluid
is the vortex [9]. In the industrial application of turbomachinery, it is difficult to trace and measure
the vortices movement in the flow field because of the complex geometric structure of the flow pas-
sage components. In order to study the underlay dynamics mechanism of vortices movement in fluid,
including the generation, development, dissipation of vortices and the interaction between vortices, and
analyse the correspondence rules among vortex structure, turbomachinery channel geometry and aero-
dynamic performance, it is necessary to analyse vorticity dynamics flow field diagnosis method [10-12].
Vortex dynamics diagnosis improves the shortcomings of conventional flow field analysis methods that
are not intuitive enough to quickly give accurate suggestions of diagnosis and optimisation. At present,
the development of vorticity dynamics has been relatively mature. Vorticity dynamics is based on fluid
dynamics, which further studies the shear flow of fluid and the interaction between the shear effect and
the bulging-pressing effect. It not only inherits the analysis method for flow field structure under the
conventional framework of (v, p) — velocity and pressure — but also explores the changes and interac-
tions of complex phenomena of separated flow in the channel under the framework of (w, IT) — vorticity
and bulge pressure variable.

A large number of research results show that the vorticity dynamics diagnosis method can effectively
predict the strength of shock wave and secondary flow in the passage of turbomachinery, capture and
amplify the root of non-performing flow, which provides the accurate diagnostic basis for separated
flow loss and three-dimensional optimisation of blade [13—15]. The vorticity moment theory proposed
by Wu explains that the forces and moments in the fluid can be expressed as the integral of the first-
order moment and the second-order moment of vorticity, respectively, from the perspective of vorticity.
Vorticity is not only the source of lift but also the source of resistance. The forces and moments of the
object can be improved by exerting favourable vortex and restraining harmful vortex [16—18]. Lambert
et al. [19] proposed a vortex tracking method to obtain the vortex structure and its development pro-
cess in laminar separation bubbles, which provided a solution for the exploration of vorticity dynamics
in laminar separation bubbles. Wu et al. [20-23] proposed a dynamics diagnosis method of boundary
vorticity flux (BVF) and successfully applied it in the field of aerodynamic performance optimisation
and internal flow analysis of turbomachinery, providing a theoretical basis and technical support for
realising highly efficient energy conversion. The results show that the wall is the source of vorticity
generation and diffusion to the fluid, and the flow separation in the boundary layer can be suppressed
to the greatest extent by controlling the area of BVF positive peak distribution on the blade surface that
causes undesirable performance. Li et al. [24, 25] introduced the BVF theory into the research of aerody-
namic performance optimisation for compressor, the results show that the distribution characteristics of
BVF on the blade surface are beneficial to predict the accumulation of low-energy fluid in the boundary
layer, which is of guiding significance to improve the fluid flow condition and mechanical characteris-
tics in the passage. Li et al. [26] directly took the distribution of BVF positive peak on the blade surface
as the optimisation objective to optimise the flow field structure and aerodynamic performance of a
low-speed compressor. After optimisation, the flow loss in the compressor passage was significantly
reduced, and the efficiency and stability of the compressor were improved. Prashanth et al. [27] used the
numerical simulation method to study the vorticity dynamics of the tip leakage vortex of a transonic fan
and analysed the formation reasons of leakage vortex and its influence on the flow field. Yang et al.
[28, 29] applied vorticity dynamics diagnosis to the three-dimensional geometry optimisation of
hydraulic turbines blade, discussed the mathematical relationship between blade geometry and vorticity
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dynamics parameters and verified the applicability of vorticity dynamics in the application of hydraulic
turbines. Fan et al. [30] respectively used the flow section diagnosis method and the BVF diagnosis
method to analyse the vorticity dynamics of the turbine runner, which is of certain reference significance
for the runner design.

It is worth noting that the above research on vorticity dynamics diagnosis methods are only limited
to the flow field diagnosis and design optimisation of single-row blades, and the flow field diagnosis of
multi-row blades with the complex geometry of counter-rotating compressors has not been carried out.
The research of this paper is helpful to explore the application of vorticity dynamics diagnosis methods
in the field of aerodynamic optimisation design of multi-stage compressor.

In this paper, vorticity dynamics theories are introduced into the flow field diagnosis of high-load
counter-rotating compressor, the steady turbulent calculation is carried out at the design point, and the
flow separation structures such as shock wave and secondary flow in the passage are diagnosed by vortic-
ity dynamics, so as to find the part with poor local blade geometry. Based on the geometric optimisation
platform built by the research group, the camber lines of the low-pressure rotor and high-pressure rotor
are adjusted, and the improvement of compressor aerodynamic performance is verified by comparing
the distribution characteristics of vorticity dynamics parameters on the blade surface before and after
optimisation. In addition, based on the circumferential vorticity and BVF flow field diagnosis method,
the boundary enstrophy flux (BEF) diagnosis method is developed. From the perspective of work and
energy conversion of the compressor, the contribution of blade local geometric characteristics to the con-
trol of flow separation degree is analysed, which proves the practicability and advancement of vorticity
dynamics diagnosis methods.

2.0 Vorticity dynamics theories

BVF is considered the root of multi-scale flow separation in the passage [31-33]. The essence of BVF
diagnosis method is to express the forces and moments acting on the blade as the integral form of the first
or second moment of BVF, by observing the distribution characteristics of BVF on the blade surface,
the fluid’s positive or negative contribution regions to the blade moment can be directly determined.

The concept of BVF was first proposed by Lighthill [34]; this parameter represents the rate at which
the vorticity diffuses into the fluid through viscous diffusion, and it describes the vorticity flux diffused
through a unit area in unit time. It is an indispensable basic tool for studying the interaction between
vorticity and wall. The equations are as follows:

o=V XxXu (D
)
o=— 2

Where w is the vorticity, u is the dynamics viscosity coefficient, » is the unit normal vector for wall. For
three-dimensional viscous compressible flow, BVF consists of three parts:

o=0,+0,+0; 3)

It refers to o, produced by inertia force, o, produced by normal stress and o, produced by shear stress
on the surface of the fluid, respectively.

o,=nxa 4)

1
0,=—nxVp &)

P
o, = %(n X V) x (uw) (6)

Where p is the pressure, p is the density.
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The flow in the high-load counter-rotating compressor passage is dominated by high Reynolds num-
ber flow, and the order of magnitude of o, is much smaller than that of o,,, which can be basically ignored
in the flow analysis. The blade is in a uniform rotation state, and there is wall no slip, so BVF only needs
to consider o, generated by normal stress. For the counter-rotating compressor, the normal stress is the
pressure. The Equation (7) is as follows:

X y Z
o=0,= i J k @)
ap/ax dp/dy dp/oz

The axial moment generated by the pressure gradient on the blade surface can be expressed as
follows:

M, =— f (r x pn).dS = ! f p(r-ro, ds + ! yg p(r-rdz ®)
s < 2 Js N 2 Jis

S
Where s is the surface area of blade, 0S5 is the boundary of blade surface, o,, is the axial component of o,,.

It can be seen from Equation (8) that the first term on the right is the surface integral of o, on the
blade, and the second term on the right is the line integral of the pressure moment on the boundary. The
0,, is shown in Equation (9), which is mainly related to the radial and circumferential pressure gradi-
ents and is the main reason for the formation of the passage vortex and radial secondary flow [35]. The
axial moment is closely related to the net power of the compressor, Equation (10) gives the relation-
ship between the net power and o,, on the blade surface, and it can be analysed that o,, positive peak
will be detrimental to the net power. Therefore, BVF diagnosis only needs to focus on the distribution
characteristics of o,, on the blade surface. For the convenience of writing, the BVF diagnostic method
mentioned below diagnoses the distribution characteristics of o,, on the blade surface.

1 fop. Op,
_L(op. p 9
o, p(ayl 8x,> ©)
1 1
Lu:_QMzzsz<_-/p(r.r)op7ds+—?§ p(r-r)dz) (10)
2 Js ) 2 Jis

The vector lines of vorticity dynamics parameters can also predict the three-dimensional boundary layer
separation phenomenon. When skin-friction vector t-lines on the blade surface converge, the BVF o,-
lines turn basically along the direction of the skin-friction vector t-lines, that is, parallel to the skin-
friction vector t-lines, and there is a positive peak of o,,, the flow in the nearby area will be separated.
In addition, when skin-friction vector t-lines on the blade surface converge, and the curvature of the
vorticity vector w-lines reach the local maximum value at the same time, it can also be determined
that there is flow separation, which is the position that needs to be focused on optimised [36, 37]. The
expression of the above theory is as follows:
0, X T

L —pRe™®) (11)
EARE

T=uUwXn (12)

Where b(Re'”®) is the value of Re™® at a point on the blade surface.

Equation (11) shows that the angle between BVF o,-lines and the skin-friction vector t-lines is
inversely proportional to Reynolds number, the smaller the Reynolds number, the larger the angle.

The surface integral of BVF on the non-rotating solid wall is always zero, which makes it impossible
to use BVF diagnostic method to study how much vorticity diffuses into the fluid on a closed surface.
Enstrophy is another important concept in vorticity dynamics theory, which is defined as a scalar 0.5w?.
Its changes involve dynamics properties and kinematic properties, and it can be used to judge whether
the flow field is swirling and the degree of swirling. The square of the vorticity in enstrophy can avoid
that @ in the closed vortex tube will offset each other when integrating. Based on the Navier-Stokes
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Figure 1. Parameter distribution of boundary layer during transition from attachment to separation.
(a) velocity, (b) vorticity, (c) BVF and (d) BEF [37].

energy equation, it is analysed that enstrophy can reflect the energy dissipation characteristics of the
fluid. Similar to the mathematical relationship of BVF, the normal gradient of enstrophy on the blade
surface is the BEF, the co-analysis of BVF and BEF can comprehensively study the physical mechanism
of vorticity entering the fluid from the boundary.

The definition formula of BEF is as follows:

r;>|<zvi <lw2>=lw-a (13)
on \ 2 P

It can be seen that BEF and the projections of BVF along the vorticity direction are closely related. It
can be concluded from the above Equation (13) that in some regions of wall, when 7 > 0, the direction
of BVF and vorticity are the same. In this case, the shedding vorticity from the wall will increase the
vorticity near the wall, and this area of wall is the vorticity source. When <0, the direction of BVF and
vorticity are the opposite. In this case, the shedding vorticity from the wall will offset the vorticity near
the wall, and this area of wall is the vorticity convergence.

Wau et al. [37] summarised the distribution laws of different parameters before and after flow sepa-
ration in a two-dimensional plate boundary layer, as shown in Fig. 1. For the fluid flow with an adverse
pressure gradient in the boundary layer, the sign of the BVF is opposite to the vorticity near the wall,
the shedding vorticity from the wall will offset the original vorticity, and the continuous development of
this situation will cause du/dy, hence flow separation occurs according to Prandtl’s separation theory.
It can be seen that the appearance of BVF positive peak is the sufficient condition for flow separation.
In addition, when BEF goes from less than zero to greater than zero, airflow also starts to separate.

There is a direct mathematical relationship between the aerodynamic performance of the compressor
and the circumferential vorticity, and the distribution of the circumferential vorticity directly affects
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the flow state in the compressor passage [18]. Let S;, and S, denote inlet plane and outlet plane for
compressor, respectively. The relationship between total pressure ratio and circumferential vorticity is

as follows:
Jsy prpds Js, puzp*dS du;
P /; puzdS ng f52 pu.p*dS fsz oup*dS — fsz rpp*iedS [ rpptwydS
= —= = = = = =~ =
pi Js, puzp*ds Js, puzp*ds fSI pup*dS C, 2C, C,
fSl puzdS Iy
(14)
ou, "o, Lo, ",
C,=2C, = | pupdS~-0S5 | rpp"—dS=—-nx ropt—dr=m r pp*wedr  (15)
s, S, ar " or "

where, C; and C, are constants at inlet plane of compressor, P* is the total pressure, w, is circumferential
vorticity, u, is the axial component of velocity, r is the radial position.

Using a similar method to the total pressure ratio, the relation of total temperature ratio by
circumferential vorticity expression is written as follows:

f:gz puT*dS ‘[52 pu-T*dS y , - Ot .
- Ty el | Js, pu.T*ds B Js, pu.T s — Js, rpT*55dS N Js, rpT*®,dS
B iy A TX 7 R R G,
s, Pliz iy

(16)

rn

u, 2 ou, "2
C,=2C;= / pu.T*dS~ —0.5 / r,oT*idS =—7 / rz,oT*idr A~ / roT wydr  (17)
5, s, ar " ar "
Where C; and C, are constants at inlet plane of compressor. 7~ is the total temperature.
The compressor efficiency equation based on Equations (14-17) is as follows:

y=l T % dS y-1
(é) v -1 qu (,Szrpp wg ) 12 -1
x " —1 3
n=-0 SR S (18)

- :
L T,—1 Jsy roTronds.
T} Cy

3.0 Calculation model and aerodynamic optimisation design platform

The object of diagnosis and optimisation design is a high-load counter-rotating compressor with a
1/2 + 1 aerodynamic configuration, and its geometric model is shown in Fig. 2. There are three rows
of blades from the inlet to the outlet, which are low-pressure rotor (R1), high-pressure rotor (R2), and
stator in turn. The three-dimensional fluid simulation software NUMECA is used for steady calculation.
Among them, the Spalart-Allmaras model is selected as the turbulence model, which can accurately
simulate the shock wave and separation phenomenon in the passage, and this turbulence model has been
used by some scholars [37—40]. At the inlet, the total temperature is 288.15 K and the total pressure
is 101325 Pa. At the outlet, the static pressure at the design point is 274 kPa. The numerical method
verification are described in (41).

The geometric mesh division is completed in the NUMECA/AutoGrid5 module. The schematic dia-
gram of meridional plane mesh is shown in Fig. 3. The O,H grid topology is selected. In order to
accurately solve the internal flow of the boundary layer, the surface of the blade profile adopts the struc-
tured grid, and the height of the first layer of the grid is 0.005 mm. Due to the complex shock wave
problem in the high-Mach-number compressor channel, the degree to which the number of grids affects
the simulation results must be investigated. The results of the global parameter grid independence tests
are shown in Table 1. When the grid number exceeds 2.4 million, the relative changes between the mass
flow rate, total pressure ratio and adiabatic efficiency are all less than 0.1% at the design point, and the
simulation results tend to be stable. In addition, Fig. 4 shows the isentropic Mach number of the 50%
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Figure 2. Geometric model.

Figure 3. The schematic diagram of the meridional plane mesh.

span section of the R1 blade under different cases, and the results show that under different grid num-
bers, its value changes relatively little. Considering the computational cost, the case 4 grid parameter
setting is adopted in all subsequent examples in this paper.

The aerodynamic optimisation design platform developed by the research group uses the numeri-
cal optimisation method based on an artificial neural network and genetic algorithm, and it is finally
integrated on the NUMECA/Design3D module by coupling computational fluid dynamics technology
and a self-edited Python script. The logical relationship is shown in Fig. 5. The user defined module
can complete the functions of blade parametric modeling, grid division, physical model selection and
boundary condition setting. The Python script in the multi-stage blade optimisation script module is the
highlight of the highly automated platform, which first determines the blade geometric parameters that
need to be modified and defines the geometric parameters as optimisation variables that the platform can
recognise, and then completes the link of the geometry functions. Second, the method determines the
range of optimisation variables, which are used to limit the parameter search space of the optimisation
algorithm, and then interacts with the user defined module and the numerical optimisation module to
complete the work of generating geometric files, perform grid generation and assembly of the meshes.
The resulting grid is invoked by the solver of the numerical optimisation module, and the objective
function is automatically obtained. For the effective samples generated by the numerical optimisation
module, artificial neural networks can be used to find the relationship between the objective function
and the optimisation variables, and then the optimal value of the objective function can be found through
the genetic algorithm to obtain the optimal blade geometry.
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Table 1. Grid independence verification

Grid Distribution (Azimuthal x
Spanwise x Streamwise)

Performance Parameters

Case R1 R2 Stator Total Grid Cell Number  Efficiency  Total Pressure Ratio  Mass Flow Rate
1 37 x 65 x 121 37 x 65 x 121 41 x 49 x 121 1,058,009 85.46% 2.929 19.83
2 49 x 69 x 169 49 x 69 x 169 49 x 53 x 153 1,539,677 85.55% 2.928 19.84
3 53 x 73 x 161 53 x 73 x 161 49 x 57 x 161 1,956,273 85.61% 2.928 19.85
4 61 x 73 x 193 61 x73 x 185 49 x 57 x 177 2,391,461 85.71% 2.928 19.85
5 61 x 77 x 193 61 x77 x 201 49 x 61 x 193 2,730,073 85.72% 2.928 19.85
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Figure 4. Isentropic Mach number.

Multi-stage blade optimization script
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Figure 5. Aerodynamic optimisation design platform.

The parameterisation of camber line is shown in Fig. 6. To keep the leading-edge position of profile
unchanged, the camber line is fitted with a high-order Bezier curve controlled by five discrete points,
which can ensure a smooth blade profile and avoid large aecrodynamic loss. Each blade has four para-
metric cross-sections equidistantly distributed along the spanwise direction. They are represented by
the red dotted line in Fig. 6. The specific optimisation method is to add a perturbation amount to each
discrete point of the camber line of the R1 and R2 blade designated sections, respectively, and optimise
the three-dimensional blade channel geometry by controlling the shape of the camber line. The purpose
of optimisation is to improve the compressor efficiency on the premise of ensuring the total pressure
ratio. The focus of this paper is to study the application of vorticity dynamics theory in the flow field
diagnosis and aerodynamic performance optimisation design of counter-rotating compressor. Therefore,
the specific content of optimisation design will not be described too much. The optimisation process and
results are described in (41).

4.0 Results and discussions

The comparison of compressor aerodynamic performance characteristic lines before and after optimi-
sation is shown in Fig. 7. After optimisation, the working range of the counter-rotating compressor
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Figure 7. Aerodynamic performance characteristic lines; (a) adiabatic efficiency vs. mass flow rate
and (b) total pressure ratio vs. mass flow rate.

is obviously increased. The efficiency of the compressor is significantly increased at both design and
off-design points, and the comprehensive aerodynamic performance is improved. The aerodynamic per-
formance parameters of the compressor at the design point are shown in Table 2. After optimisation, the
compressor efficiency is increased by 1.16%.

4.1 Conventional flow field analysis

The conventional flow field analysis method is to extract the distribution trend of static pressure and
entropy on the blade surface in the post-processing, and qualitatively describes the movement charac-
teristics of the gas and the overall quality of flow field before and after optimisation. Figures 8 and 9,
respectively, show the distribution characteristics of static pressure and entropy on the suction surfaces
of R1 and R2 blades before and after the optimisation of the camber lines at the design point. It can be
seen from the static pressure map that the static pressure trend of the two blades increases from front
to back along the flow direction. The static pressure changes greatly in the area near the middle of the
blades, and there may be flow separation problems in the boundary layer. The entropy map shows that
the above-left of R1 blade and the left of R2 blade have high entropy generation, and there is a local
catastrophe phenomenon of entropy, indicating that there may be low-energy fluid accumulation at this
location, which affects the efficient and stable operation of the counter-rotating compressor.

It is worth noting that there is no obvious difference in the distribution of static pressure and entropy
on the suction surface of the two blades before and after optimisation, which has limited reference
significance for quantitative analysis of the degree and range of fluid separation, and it is not possible to
directly determine whether the aerodynamic performance optimisation is successful or not. The above
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Table 2. Aerodynamic performance at the design point

Parameters Original Optimsed
Efficiency(n) value 85.71% 86.87%
%o 0 +1.16%
PR(m) value 2.928 2.926
%o 0 —0.07%
Mass flow rate value 19.85 19.95
%o 0 +0.5%

Static Pressure [Pa]
L70E+05
L62ZE+05
1.54E+05
1.46E+05
1.38E+05
1.29E+03
1.21E+05
L13E+05
LOSE+05
9.69E+04
8.88E+04
8.06E+04
7.25E+04
6.44E+04
5.63E+04
4.81E+04
4.00E+04

(a) (b)

(C) (d) Static Pressure [Pa]

3.80E+05
3.60E+05
3A40E+05
3.20E+05
3.00E+05
2.80E+05
2.60E+05
2A40E+05
2.20E+08
2.00E+05
1.B0E+05
L60E+0S
L40E+05
1.20E+05
LOOE+0S
S.00E+04

Figure 8. The distribution of static pressure on the blade suction surface; (a) original-R1,
(b) optimised-R1, (c) original-R2 and (d) optimised-R2.

research indicates that the analysis method of flow field structure under the conventional framework of
(v, p) has limitations, which cannot accurately predict and describe the complex vortices motion and
flow separation in the passage of high-load counter-rotating compressor.

4.2 Vorticity dynamics diagnosis

When the flow field parameters themselves cannot show too much useful information, we need to fur-
ther analyse the derivative of flow parameters, which is very important for the aerodynamic optimisation
design and flow field diagnosis of counter-rotating compressors, and this is also the fundamental rea-
son for vorticity dynamics diagnosis from the perspective of velocity derivative and vorticity derivative.
Under the framework of (w, IT), the regions with negative contribution to aerodynamic performance in
the compressor passage is diagnosed, and the flow separation is fundamentally controlled by optimis-
ing the geometric structure in the negative contribution region [42—44]. Figures 10 and 11 shows the
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Figure 9. The distribution of entropy on the blade suction surface; (a) original-R1, (b) optimised-R]1,
(c) original-R2 and (d) optimised-R2.

comparative analysis of axial static pressure gradient, axial entropy gradient and the skin-friction vector
t-lines on the suction surface before and after optimisation. Both blades have convergence region of
skin-friction vector t-lines and the shock wave separation bubble is generated here. After optimisation,
the axial pressure gradient and axial entropy gradient of both blades around the shock wave position are
significantly reduced, the distribution characteristics of t-lines are greatly improved, the flow separation
scale is significantly reduced, and the shock wave loss and the friction loss of boundary layer are reduced.
In addition, in the middle of the leading edge of R1 blade, the matching state between the blade and the
airflow becomes worse after optimisation. The static pressure gradient and entropy gradient diagnosis
amplify the bad separation phenomenon in this area. The above research confirms that the derivation of
flow parameters can better describe the quality of flow field than the parameters themselves, especially
for the diagnosis and analysis of flow field with many vortices.

4.2.1 BVF diagnosis of blade surface

BVF, as the derivative of the fundamental quantity, can amplify the adverse regions of the flow field, and
directly reveal the problems and locations in the passage geometry. Combined with the physical meaning
of BVF above, the separation degree of boundary layer can be judged more intuitively by comparing the
BVF distribution on the blade suction surface before and after optimisation.

Figure 12 shows the distribution of BVF on the R1 and R2 blade suction surface before and after opti-
misation. For the flow in the high-load compressor passage, the region near BVF negative peak on the
blade surface has a positive effect on the flow, the region near the BVF positive peak is usually accom-
panied by shock waves and vortices. A large positive BVF peak and the strong uneven BVF distribution
are not conducive to the pressurisation by the rotor blades and high-efficiency operation. The results
show that BVF can accurately capture the position and strength of the shock wave. After the optimisa-
tion of R1 blade, the distribution area of BVF positive peak near the shock wave is significantly reduced,
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Figure 10. The distribution of axial static pressure gradient and the skin-friction vector t-lines;
(a) original-R1, (b)optimised-R1, (c) original-R2 and (d) optimised-R2.
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Figure 11. The distribution of axial entropy gradient and the skin-friction vector t-lines; (a) origi-
nal-R1, (b) optimised-R1, (c) original-R2 and (d) optimised-R?2.
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Figure 12. The distribution of BVF on the blade suction surface; (a) original-R1, (b) optimised-R]1,
(c) original-R2 and (d) optimised-R?2.

indicating that the pressure gradient decreases, the shock wave intensity decreases, then the airflow flow
loss is reduced. In addition, the BVF positive peak region moves downstream along the flow direction
and closer to the trailing edge, indicating that the shock wave position is inclined to the downstream of
the blade, which is conducive to the compressor working under higher backpressure, and thus improves
the stall margin of the compressor. The BVF map of R2 blade shows that the vortices generated by the
tip clearance has a negative contribution to the airflow in the blade passage. After optimisation, the area
of BVF positive peak decreases, which is conducive to improving compressor efficiency. It is worth
noting that the areas of BVF positive peak and uneven distribution occur at the leading edge of both
blades, which is the position where the blade and the fluid just contact, and the inlet stagger angle of
the blade may be improperly designed, leading to fluid instability. The above results indicate that the
control of BVF distribution is of guiding significance to the flow analysis and aerodynamic design of
counter-rotating compressor.

Figure 13 shows the distribution of vector lines of (r, 0,) on the R1 and R2 blade suction surface
before and after optimisation. Among them, the red lines are 7, the black lines are o,,. The simulation
results in this paper verify the theory of three-dimensional flow separation vortex on arbitrarily curved
surfaces described in (45). Flow separation occurs in the area where BVF o, -lines are parallel to the skin-
friction vector -lines. The trend of BVF o,-lines distribution before and after R1 blade optimisation
has little change. But after optimisation, the BVF o,-lines parallel to the skin-friction vector r-lines in
the area near shock wave are more concentrated and radial BVF o,-lines descends in gradient indicating
that the separation area is reduced, and the strength and influence range of shock wave become smaller.
For the optimised R2 blade, the distribution characteristic of BVF o,-lines parallel to the skin-friction
vector t-lines are more uniform in the middle of blade, and the BVF o,-lines parallel to skin-friction
vector t-lines are shifted upward in the corner of the trailing edge, indicating that the strength of shock
wave and secondary flow decreased correspondingly. These typical flow structures and characteristics
show that the optimised rotor blades have excellent aerodynamic performance.
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Figure 13. Vector lines of (t, o,) on blade suction surface; (a) original-R1, (b) optimised-R1,
(c) original-R2 and (d) optimised-R2.

Figure 14 shows the distribution of vector lines of (r, w) on the R1 and R2 blade suction surface
before and after optimisation. Among them, red lines are 7, black lines are w. The skin-friction vector
t-lines on R1 blade surface converge near the shock wave and in the corner region, and the vorticity
vector w-lines are twisted here, and the curvature is larger than that in other regions, so flow separation
can be determined there. After optimisation, the curvature of the vorticity vector w-lines in the separation
region at the top of the tip decreases significantly, and the reduction of the separation scale means that
the shock wave strength decreases. Similarly, the curvature of the vorticity vector w-lines in the middle
of R2 blade surface are larger than that in other areas, which verifies the existence of shock wave here
as well. The twist of the vorticity vector w-lines at the trailing edge of the blade indicates that there is
secondary flow. After optimisation, the distribution of vorticity vector w-lines on the R2 blade surface is
more uniform, the curvature of vorticity vector w-lines in the separation area decreases, and the degree
of separation decreases.

4.2.2 BEF diagnosis of blade surface

Figure 15 shows the distribution of vector lines of (7, yp) and BEF on the R1 and R2 blade suction
surface before and after optimisation. Among them, white lines are yp, and black lines are 7. The
results show that the distribution of BEF is closely related to the distribution of pressure gradient(y/p),
the reason is that the theoretical formula of BEF described previously shows that the pressure gradient
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(a) (b)

Figure 14. Vector lines of (t, w) on blade suction surface; (a) original-R1, (b) optimised-R]1,
(c) original-R2 and (d) optimised-R?2.

affects the distribution of BVF, and BVF affects the distribution of BEF. The BEF has a certain degree
of accuracy for capturing the shock wave and the secondary flow in the passage, the separation bubble
region on R1 blade surface induced by shock wave/boundary layer interaction has a positive BEF peak,
and the size and range of separation bubble described by BEF are consistent with that described by the
skin-friction vector t-lines. The unique pre-compressed profile on the above-left of R1 blade slows down
the airflow in this area, forming a BEF negative peak. The distribution of BEF on the R2 blade surface is
confused, but the prediction of separation bubble and secondary flow at the trailing edge is accurate, but
it is accurate to predict the strength of the separation bubble and the secondary flow at the trailing edge.
After optimisation, the BEF distribution of the two blades is more uniform, which indicates that the
shock wave strength and energy dissipation decrease, and the energy exchange between fluid and blade
is enhanced. Based on the above research results, the distribution characteristics of BEF on the blade
surface can provide an improvement direction for improving the quality of flow field and aerodynamic
performance of counter-rotating compressor.

4.2.3 Circumferential vorticity diagnosis

Circumferential vorticity is the dynamics source that determines the flow capacity of the passage. By
controlling the distribution characteristics of circumferential vorticity in the flow field, the balance can
be obtained between the required lift force and the undesired drag force, which can make the counter-
rotating compressor obtain the optimal aerodynamic performance. Figure 16 shows the circumferential
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Figure 15. The distribution of BEF and vector lines of (1, p) on blade suction surface; (a) original-R1,
(b) optimised-R1, (c) original-R2 and (d) optimised-R?2.
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Figure 16. The circumferential vorticity distribution of the meridional plane; (a) original and
(b) optimised.
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Figure 17. The circumferential vorticity distribution of the cross-section at R2 blade outlet; (a) original
and (b) optimised.

vorticity distribution map of the meridional plane. A large range of positive peak appeared in the tip area
and a large range of negative peak appeared near the hub. Figure 17 shows the circumferential vorticity
distribution map of the cross-section at R2 blade outlet. There is a circumferential vorticity positive
peak in the tip area, and a large number of positive vorticities are mixed into the main flow, which is the
result of the combined action of tip leakage vortex and boundary layer separation. There are negative
vorticities mixed into the main flow near the hub, which is mainly caused by the secondary flow in
the corner. The circumferential vorticity can reflect the high flow loss area near the wall. Based on the
mathematical connection between the circumferential vorticity and compressor performance described
above, the optimal distribution principle is that the positive and negative peak of circumferential vorticity
should be confined to the near wall as far as possible to avoid diffusion to the main flow, thus causing
large flow loss [46, 47]. After optimisation, the results show that the circumferential vorticities of the
meridional surface and the cross-section at R2 blade outlet flow to the main flow area are suppressed,
the flow capacity of the passage is enhanced, and the compressor efficiency is increased, which verifies
the applicability of the principle of optimal distribution of circumferential vorticity to the optimisation
design of counter-rotating compressor.

5.0 Conclusions

This paper describes the theories and diagnostic methods of vorticity dynamics and analyses the cor-
responding relationship between the flow field quality of counter-rotating compressor and vorticity
dynamics parameters. The diagnostic methods of BVF, BEF and circumferential vorticity are explained
respectively, and the application of the above methods in aerodynamic performance evaluation is
introduced.

The circumferential vorticity diagnosis method based on vorticity dynamics mechanism is better
than the conventional flow field diagnosis method. This paper presents the optimal distribution law of
circumferential vorticity and verifies its practicability in the flow field diagnosis of high-load counter-
rotating compressor, which provides a new solution for compressor optimisation design.

The BVF positive peak area is the direct reflection of shock wave or negative contribution area on the
blade surface. The distribution characteristics of the BVF positive peak reflect the degree of flow turbu-
lence caused by shock wave/boundary layer interaction and secondary flow. Weakening the distribution
range of the BVF positive peak is an important means to improve the aerodynamic performance of the
counter-rotating compressor.
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The BEF diagnosis can be used as a new vorticity dynamics diagnosis method to evaluate and opti-
mise the flow field performance and aerodynamic performance of counter-rotating compressor, and this
parameter has a certain ability to capture high energy loss areas such as shock wave and secondary flow.
By comparing the BEF distribution characteristics of the blade suction surface before and after optimi-
sation, it is proved that the theory that this parameter can predict the performance of energy exchange
between fluid and boundary is credible.
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