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Abstract: In this paper, a three-dimensional aerodynamics optimization system is built and applied
to optimize a rotor blade to balance the conflicts between stall margin, total pressure ratio, adiabatic
efficiency, and mass flow rate for the high-loading and transonic-flow fan. A novel flow diagnostic
method based on vorticity dynamics theory is utilized to analyze the reasons for the improvement
in aerodynamic performance in the optimized transonic fan. In the established aerodynamic op-
timization method, use the blade profile camber line curvature and its leading edge metal angle
as the optimization variables, which are optimized by modifying the coordinates of their control
points and introducing a genetic algorithm. Finally, the vorticity dynamics parameters, such as
the boundary vorticity flux (BVF), azimuthal vorticity and skin-friction lines are used to diagnose
the key flow features in the optimized and baseline fan passage. The results indicate that, by con-
trolling skillfully the blade camber line curvature in the optimization improves the aerodynamic
performance of the fan stage, increasing the total pressure ratio by 1.90% while increasing the mass
flow rate and adiabatic efficiency by 5.82% and 4.45%, respectively. The formulas from the vorticity
dynamics diagnosis method indicate a close link between the aerodynamic performance and vorticity
dynamic parameters for the axial fan/compressor passage flow, and that both azimuthal vorticity
and boundary vorticity flux have significant influence on fan stage performance. Moreover, the
boundary layer separation flow on the rotor blade surface is accompanied by a spike of entropy and
static pressure, and their derivative/gradient also suffer drastic changes under the effect of shock
waves. Detailed flow information can be obtained about the on-wall with high accuracy based on
the vorticity dynamics diagnosis method, which provides researchers with a novel method for the
turbomachinery aerodynamic design and analysis in the aero-engine engineering development field.

Keywords: low-bypass-ratio transonic fan; aerodynamic optimization; vortex dynamics; secondary
flow; shock wave

1. Introduction

As a highly integrated flow system, the overall performance of modern aircraft engines
depends on the excellent matching of various functional parts, and every working unit is
required to serve the whole system. Therefore, being the first part of a turbofan engine,
the fan stage needs to be designed with advanced technologies to enhance its loading and
efficiency while extending its stall margin. Under this background, design theories and
techniques are being proposed all of the way along the development line of turbomachinery
while numerous design platforms have been built over the last few decades. Quasi-3D blade
design and flow analysis technique is the foundation of modern 3D design techniques,
and its origin could be traced back to the 1950s when Wu [1] proposed the concept of
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51/S2 stream surfaces. On the basis of this theory, a lot of solution methods are put
forward with the streamline curvature method and the throughflow matrix method as
representatives [2,3]. These quasi-3D blade design techniques could provide favorable
initial schemes for further design, but the inevitable dependency on experimental data has
restricted their further development. On the other hand, with the development of computer
science and computational fluid dynamics, modern 3D design and analysis techniques
based on RANS methods have been developed, with which the disadvantages of quasi-3D
design techniques have been settled successfully. Furthermore, the application of 3D design
techniques in turbomachinery has prompted the emergence of a number of advanced
theories including swept and leaned blade configurations. One of the typical designs is the
low-noise transonic fan QF-12 which adopted the concept of swept blade [4,5]. Similarly,
Wennerstorm [6,7] introduced swept blade into the design of a high through-flow transonic
fan stage and received favorable effects, while a series of experiments were done by the
Wright-Patterson Air Force Base in order to investigate the influence of blade sweep on
the performance of the compressor [8,9]. Denton et al. [10] studied the effects of leaned
and swept blade on a transonic fan, researchers in China have also conducted relevant
studies [11,12]. Ceyrosky et al. [13] studied the influence of the volute in the triggering of
instability phenomena through a CFD investigation. Cravero et al. [14] identifies the flow
phenomena that trigger instability of a two stage back-to-back radial compressor through
unsteady simulation.

It is obvious that the geometrical feature of blade passage has a significant influence
on the aerodynamic performance of fan/compressor. However, restricted by the deficiency
of design techniques, early investigations in blade optimization could only concentrate on
one or few geometry features, which are not enough to satisfy the demands of practical
engineering problems. Consequently, the design systems that have high efficiency and
strong fault-tolerant ability are currently in great need. Many investigators have been
devoted to this problem and lots of contributions have been made. Optimizations for
the famous NASA Rotor 37 blade passage was done by Benini [15] and Jang et al. [16]
respectively, while the NASA Rotor 67 blade passage was optimized by Lian et al. [17]
using a multi-objective optimization method, the stage weight was decreased and the
total pressure ratio was increased through their study. One of the other challenges that
highly-load compression systems are faced with is the maintenance of the stall margin
(SM > 10~15%). In the optimization work by Ellbrant et al. [18,19], a trade-off between
efficiency and stall margin was made in a transonic compressor stage. Besides, the adiabatic
efficiency for the NASA Rotor 67 blade was increased by 2% over the entire operating range
by the redesign work conducted by Oyama et al. [20]. Recently, Mark et al. [21-27] has
established a novel turbomachinery aerodynamic optimization design system. Based on
the control of curvature for the blade geometry, the optimization system could couple the
optimization and the CFD solver successfully, which was able to prove its outstanding
engineering practicability in engineering application. Moreover, the optimization design is
also important on the uncertainty quantification [28,29].

At present, scholars in the field of aerodynamic design of compressor/fan generally
consider that the effect of air humidity on the performance of compressor/fan is weak
within a small range of humidity and temperature changes. However, under the conditions
of high humidity and flow rate, the water vapor in the wet air condense on the surfaces of
the blade, and even enhance condensation excitation, which interferes with the original
wave system structure of the compressor flow passage [30-33]. Bertoneri et al. [34] studied
the performance of a two-stage centrifugal compressor under wet air conditions, and the
results showed that when the fluid changes from dry air to wet air, the pressure ratio was
increased, and the temperature ratio and the polytropic efficiency were dropped. In this
paper, the effect of humidity on the aerodynamic performance of the compressor/fan is
ignored in the aerodynamic design process in order to facilitate the application of existing
compressor design theories and reduce the difficulty of data analysis. The utilization of the
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real gas model may make difficulties in the calculation of CFD numerical simulation, such
as the calculation of stability, convergence and computational efficiency.

The formation and development of vortex structures is inevitable during the evolution
of viscous flows in the fan/compressor passage, and these flow configurations are closely
linked with the aerodynamic performance of the fan/compressor. The vortex structures
could give important clues about the flow features in aircraft engines and work as a guid-
ance for aerodynamic optimizations. Vorticity dynamics diagnostic methods are developed
to investigate the flow according to the derivative/gradient of flow parameters [35,36].
The vorticity dynamics diagnostic method, which focuses on crucial physical principles
and distinctive parameters like the boundary vorticity flux (BVF), vorticity /skin-friction
vectors, and azimuthal vorticity, is an insightful aerodynamic analysis/design technique
and could offer the designer completely original concepts outside of conventional design
principles [37-39]. Investigations in this technique have obtained valuable results and
further studies are expected.

There are lots of factors that could affect the performance of the fan/compressor,
and the conflict between these factors would become particularly pronounced when it
comes to a low bypass-ratio transonic fan stage whose hub-to-tip ratio is relatively low.
Hence, a proper balance of the performance index is of great significance to maximize the
overall performance of the fan stage. With the challenges above, this study implements
the optimization of the rotor blade for a low bypass-ratio transonic fan under stage flow
conditions. The aim of the design is to raise the fan’s mass flow rate and total pressure ratio
when its efficiency and stall margin remain unchanged. To acquire a comprehensive of
the process for transonic flow control, vorticity diagnostic methods are applied to discuss
the flow. In this paper, the optimization process will be described in detail and the origin
of various flow structures and their influence will be interpreted in depth using vorticity
diagnostic methods.

2. Optimization System

The turbomachinery aerodynamic optimization design system employed in this paper
is developed by Mark et al. [21-27] under the Linux framework. It is made up of Shell
scripts, Python scripts and Fortran executable files. The schematic diagram of the opti-
mization system is shown in Figure 1. There are three main parts in the design system:
the user-defined module, the optimization script module and the Dakota optimization
module. The user-defined module is executed only once in each optimization. Its main
goal is to parameterize the geometry and to define the boundary conditions as well as the
optimization variables using the journal files it contains. Once the optimization target is de-
fined, the optimization script would execute the three-dimensional blade geometry builder
(3DBGB) code automatically to produce the blade. The generated 3D blade geometry is
in the form of the geometry input file *.geomTurbo and would get meshed by the grid
generator called Autogrid5. Then, the mesh is transmitted to the CFD solver Fine/Turbo
and the calculation results are collected and sent to Dakota. After each optimization step,
Dakota would analyze the results automatically and extract the value of the objective
function. Furthermore, based on the results from the last optimization step, Dakota would
decide on the parameters in the next scheme using genetic algorithm so as to keep the
optimization system running continuously.
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Figure 1. Optimization schematic.

In order to ensure the smoothness of the blade, cubic B-spline is employed when
building the 3D geometry. Meanwhile, the geometrical parameters of the blade such as the
curvature of the camber line and the inlet/outlet angles are modified so that diversified
blade configurations could be produced. Additionally, the matching of the flow charac-
teristics between different blade rows is also taken into consideration in the optimization
system. Specific explanations about the geometric modeling process could be found in
Refs. [21,22,26], the optimization process is also expounded in Ref. [21], open executables
codes of the optimization modules are available online (http://gtsl.ase.uc.edu/3DBGB/
(accessed on 10 February 2023)).

Considering the features in both prediction precision and numerical stability, the
Spalart-Allmaras turbulence model is chosen for the numerical simulations in the present
study. The blade geometry in the baseline case (denoted as Baseline) is designed by
a Turbomachinery Axisymmetric design code (known as T-AXI) [27] and the geometry
generator 3DBGB [23], while the flow path is inherited from a transonic fan which has
been tested by experiments [40]. Geometry and meshes for the baseline stage are displayed
in Figure 2. Although the optimization is merely limited to the rotor blade, the flow in
the whole stage is calculated and the total grid number is approximately 1.25 million. As
shown in Table 1, the relative variation of mass flow rate is not larger than 0.08% when the
total grid number exceeds 1.25 million, further increase in total grid number would only
increase the relative change. Furthermore, the y+ of the first grid cell is guaranteed to be
less than 5 in order that the boundary layer’s flow details could be depicted accurately A
total temperature of 288.15 K, total pressure of 101,325 Pa, and flow direction are imposed to
the inlet plane of the computational domain, and the static pressure is imposed to the outlet
by simple radial equilibrium relation as the boundary condition. In addition, the solid
boundaries are subject to the adiabatic non-slipping condition. The mixing-plane method
is employed to transmit flow parameters between blade rows. Main design parameters for
the fan stage are presented in Table 2. These data indicate that this is a high-load (stage load
factor greater than 0.34) and high-throughflow (flow coefficient greater than 0.44) type of
low-bypass-ratio transonic fan, in which the design of the total pressure ratio and adiabatic
efficiency in the same type of fan belong to the higher level of technology. It is necessary
to carry out the relevant flow matching study using the aerodynamic optimization design
technique coupled with the CFD method so as to obtain the transonic fan throughflow
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structure that satisfies the expected design requirements. The related throughflow structure
of the fan is shown in Figure 2. The research object of this paper is to meet the technical
requirements of a new aero-engine, which needs to improve the flow rate and total pressure
ratio at the design point while ensuring that the geometric dimension of the fan meridian

passage unchanged.

Figure 2. Geometry and meshes for the baseline fan stage.

Table 1. Information of grid independence.

Grid Distribution i Performance Parameters
Case (Streamwise x Pitchwise x Radial) ~ Total Grid Cell
Number
Rotor Stator Efficiency Pressure Ratio Mass Flow Rate
1 39 x 11 x 75 43 x 11 x 75 768,754 0.88596 1.9735 8.8543
2 59 x 19 x 75 63 x 19 x 75 1,250,734 0.88879 1.9743 8.8586
3 71 x 23 x 75 75 x 23 x 75 1,512,658 0.88913 1.9739 8.8611
4 111 x 37 x 75 119 x 37 x 75 2,595,228 0.88905 1.9740 8.8607
Table 2. Parameters of the redesigned fan stage.

Parameter Value

Number of rotor and stator blade 13,36

Mach number in relative coordinates for rotor blade tip 1.3848

Loading coefficient for rotor blade tip 0.463

Flow coefficient for rotor blade tip 0.500

Hub-to-tip ratio of the rotor passage 0.460

Corrected design angular velocity (rpm) 28,000.0
Corrected rotor tip tangent velocity (m/s) 410.0
Clearance for rotor blade tip (mm) 0.50

Mass flow rate at design angular velocity for fan (kg/s) >9.34

Adiabatic efficiency at design-point >0.87

Total pressure ratio at design-point >2.05

3. Rotor Blade Optimization

There exist two steps in the process of rotor blade optimization. The first is to optimize
the camber line of the rotor blade (denoted as Camber_Opt) and the next is to match the
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leading edge blade angles (denoted as Angle_Opt). The curvature of the camber line is
established by the cubic B-spline formula according to numerous control points in the
current optimization system, and the camber line is adjusted by modifying the variations
of these control points. Since the curvature of a curve is numerically approximate to its
second derivative, the curvature obtained here could be considered equivalent to the second
derivative of the camber line. In other words, the camber line could be acquired through
the double integration of the defined curvature (which is just the way we do it in this study).
In consideration of computational time and efficiency, five spanwise positions are chosen as
the optimization plane. In addition, four variables are defined in each optimization plane.
They represent the chordwise location of the control point and the curvature values for the
camber line at the specified location. The constraint conditions are as follows:

Maximize: adiabatic efficiency 7* on the highest efficiency point for fan-stage;

Constraints: mass flux m > m (baseline), total pressure ratio 7* > 7t* (baseline);

Design Variables: 20 variables on 5 spanwise sections, each section has 3 curvature
control point values and 1 position value for one of the control points;

Genetic Algorithm (GA) parameters: the maximum iteration is 100, and the population
size is 12.

In view of the error of inlet angles, as an empirical parameter, which is inherent and
inevitable in 3D blade design, the optimization of the leading edge blade angles is essential
in order to ameliorate the capacity of the fan stage in organizing viscous fluid. Similarly,
the following are these optimization constraint conditions:

Maximize: adiabatic efficiency 7* on the highest efficiency point for fan stage;

Constraints: mass flux m > m(baseline), total pressure ratio 7r* > 7r*(baseline);

Design Variables: 5 variables defining the added metal angle Ap at blade leading edge;

Genetic Algorithm (GA) parameters: the maximum iteration is 100, and the population
size is 12;

Constants: all other parameters from the former optimization step.

A comparison of the aerodynamic performance achieved by different optimization
strategies is shown in Table 3. The fan’s aerodynamic performance is greatly enhanced by
the two optimization steps. The adiabatic efficiency and the total pressure ratio of the fan
stage are improved by 3.87% and 2.38% in the first step of optimization by Cam-ber_Opt
respectively. Additionally, the mass flow rate is increased by 4.14%, which shows that
the fan passage’s capacity for organizing viscous fluid is significantly improved and the
shear/expansion flow is diminished in the boundary layer. Based on Camber_Opt, the
Angle_Opt is adopted to ameliorate the fan stage’s aerodynamic performance. According
to Table 3, the stage pressure ratio of the final design reaches 2.15, while the mass flow rate
and the adiabatic efficiency are 9.45 kg /s and 0.891, respectively. With these results, it is
safe to conclude that a more rational structure of the flow is realized by the optimizations
of the camber line and the inlet angle, thereby realizing better organization of the viscous
fluid while enhancing the overall performance of the whole stage.

Table 3. Aerodynamic performance for different design cases.

Mass flux m (kg/s) Pressure Ratio 7r* (—) Efficiency #* (-)
Value (%) Value (%) Value (%)
Baseline 8.94 0 2.10 0 0.853 0
Camber_Opt 9.31 +4.14 2.15 +2.38 0.886 +3.87
Angle_Opt 9.45 +5.70 2.15 +2.38 0.891 +4.45

Figure 3 displays the spanwise distributions of several aerodynamic characteristics at
the rotor blade outlet. Discussion about these parameters could help determine the specific
contribution rotor optimization has made. Figure 3a shows how to improve the camber line
to significantly increase the adiabatic efficiency of the rotor blade, particularly in regions
where h/H > 60%. The efficiency can also be increased even further by matching the leading
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edge angles, but the improvement is still marginal. These results suggest that the camber
line optimization could reduce the shear flow downstream while weakening the shock
wave intensity in the rotor channel, lowering the loss caused by the shock wave and the
following boundary layer separation.

1.0 1.0 - 1.0 7
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\ . .
08 —— Bascline N 08 Baseline N 08
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Figure 3. Comparisons of aerodynamic parameters for the rotor blade: (a) Adiabatic efficiency;
(b) Total pressure ratio; (c) Relative Mach number.

The total pressure ratio of the rotor blade is evidently improved in the regions be-tween
20%H/h and 90%H/h following the camber line adjustment, according to the total pressure
ratio described in Figure 3b compared to the baseline case. Moreover, Angle_Opt could
further increase the pressure rise capability of the rotor blade on the basis of Camber_Opt.
It can be concluded from these results that aerodynamic optimization design method in
this paper is a highly recommendable one through which higher aerodynamic loading level
could be obtained while maintaining the high efficiency.

As shown in Figure 3¢, the increased axial flow velocity in the top half of the rotor
blade is primarily responsible for the improved through-flow capacity of the fan stage. On
the one hand, the increment of M,; keeps rising along the blade’s leading edge from hub to
shroud. On the other hand, M,,’s apparent improvement is only seen from 60% H/h to the
blade’s trailing edge. Abovementioned phenomena indicate that rotor optimization mainly
works on the transonic region at the upper half of the blade, i.e., the positions where the
shock wave occupy. All these results have proved the optimization of the rotor blade to be
an effective method to improve the aerodynamic performance of the fan stage.

As we know, the transonic fan stage’s aerodynamic performance is primarily influ-
enced by the intensity and structure of the shock wave. The comparison of the on-wall
isentropic Mach number for different cases is shown in Figure 4 in light of the fact that
the shock wave’s characteristics would be well mirrored by the isentropic Mach number.
Results reveal that the position for the peak of M;; gets closer to the downstream after
Camber_Opt, indicating that the shock wave on the blade suction surface is delayed. More-
over, the delay of the shock wave in the rotor blade passage could expand the throttling
range of the transonic fan, which highlights the advantage of the design technique. After
camber line optimization, the maximum value of Mj; is also reduced, indicating that the
shock wave’s intensity has also been weakened. One of the other notable defections in the
baseline configuration is the deviation of incidence angle which presented as the crossing
of the M, line at the blade leading edge. This problem is solved completely by Angle_Opt.
In fact, although the position of the shock wave in Angle_Opt is moved slightly upstream
compared with Camber_Opt, the location of the shock wave is still in the downstream in
comparison with the baseline case, and the flow characteristics at the blade leading edge
are improved greatly. In fact, near the rear region of the shock wave, the isentropic Mach
number is decreased by Angle_Opt, which indicates that the rotor would have a better
pressure rise capability.
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Figure 4. Isentropic Mach number on the surface of rotor blade.

Furthermore, the enhancement of pressure rise also comes from the changes in blade
geometry. The comparison of rotor blade profiles at several spanwise sections is given in
Figure 5. It can be seen that the optimized case’s blade camber angle is less than that of
the baseline case in areas above 40%H, particularly in the tip regions. The curvature at
the blade’s leading edge is decreased as well, which helps to reduce the camber angle and
make contributions to shock wave control. The maximum deflection of the camber line is
after 50%C,;, which is in line with the design concept of the high-load transonic fan.

Last but not least, the performance map of the fan stage is shown in Figure 6, along
with the numerical and experimental results of a fan stage with the same flow path as the
present fan [40]. Optimization of the rotor blade not only improves the performance of the
fan stage at the design point, but also significantly improves the performance in off-design
conditions. A notable increase in the chock mass flux is achieved by the optimization,
which could greatly extend the stall margin of the fan stage. Moreover, based on the
identical changing trend of both numerical and experimental results, the simulation results
are within the margin of error, and hence it can be concluded that the numerical method
adopted in the present study is reliable and has good accuracy.



Energies 2023, 16, 7230

90f19

0.50 . 0.50 . 0.50 .
Hub section 20% span section 40% span section
0.25 Baseline 025| Baseline 025| Baseline
< 0.00L  0.00L
—0.25} —0.250
_050 1 1 1 1 _050 1 1 1 1 _05 1 1 1 1
—-0.50 —-0.25 0.00 025 050 —-0.50 —-0.25 0.00 025 0.50 —-0.50 -0.25 0.00 025 0.50
m’ m’ m’
0.50 3 0.50 3 0.50 .
60% span section 80% span section Shroud section
Baseline Baseline Baseline
0.25F \ ------ Opt.02 0.25L W\ Opt.02 025F - N Opt 02
 0.00+ < 0.00} o 0.00}
—0.251 —0.25} —0.25}
—0.50 ) ! ! ! —0.50 : . ! ! —0.50 ! . L !
—-0.50 —-0.25 0.00 025 0.0 -0.50 -0.25 0.00 025 0.50 —-0.50 -0.25 0.00 025 0.50
m’ m’ m’
Figure 5. Blade profiles for the baseline and optimized rotor.
r 1.00 -
i Baseline
99 '_ Design Point [ === Angle Opt
it 095F —-vevene-s Calculation ; ;
- C . Experiment Design Point
I y 0.90 |
i 1 i
201 i 3
* L ] : * r
B | \ : —0.85 )
| e - °
18k Baseline ! 0.80
T = Angle Opt -
e Calculation 0.75 F
3 ° Experiment ' i
b 0.7‘...‘|H..|‘..|, P IR
67.5 8.0 8.5 9.0 9.5 10.0 07.5 8.0 8.5 9.0 9.5 10.0
m /(kg/s) m /(kg/s)
(a) (b)

Figure 6. Performance map for the fan stage: (a) The total pressure ratio vs. mass flow rate; (b) The

adiabatic efficiency vs. mass flow rate.

4. Vorticity Dynamics Diagnosis

This section examines the physical processes controlling boundary layer separation
and shock waves from the perspective of vorticity dynamics. As an important ramification
in fluid dynamics, vorticity dynamics mainly focuses on the derivative/gradient of flow
parameters and could be used to examine major flow information while detecting the
dynamic processes. Here, the physical cause of the curvature control-induced performance
increase for the fan stage will be thoroughly studied, and the mechanism of the vorticity
dynamics diagnosis method will be clearly understood.
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4.1. Mathematical Explicit Relation between Vorticity Dynamics Parameters vs.
Performance Parameters

To begin with, the relationship between the vorticity dynamics parameters and the
throughflow capability of axial fan/compressor is investigated. All the discussion in this
section is under the cylindrical coordinates system with the z-axis being the rotation axis,
as shown in Figure 7.

r=xi+yj

AY
A\

Figure 7. Cylindrical coordinates system.

As we know, the mass flux of an axial fan/compressor in the cylindrical coordinates
can be read as follows:

Js puzds :fspuzfdfdez%[oz”wzrr 40— J,r5ds| = —1 ) reds

1)
duy _ duy
—zlr (”zar i )dS —3lr [”Zar (abé _“’G)PS
Here, wy denotes the azimuthal vorticity and is defined as:
~ duy  Juy
WO oy T ar @

Based on the fact that the dp/dr and du, /9dz are ignorable at the inlet or outlet plane of
fan/compressor, the Equation (1) could be simplified as:

/puzdS ~ f/rpwgds 3)

Equation (3) indicates that the mass flux of the fan/compressor depends directly on the
azimuthal vorticity wy. Moreover, according to Equation (2), in the core flow region of the
blade passage, du,/0z ~ du, /dr = 0, so wy = 0. In the hub region where du,/dz << duz/dr
and du,/dr > 0, wyp ~ —du,/dr < 0. In the casing region where du,/dz << du,/9dr and
duy/or <0, wy = —du,/or > 0. Consequently, in order to improve the throughflow capa-
bility of the compressor, the reduction of area for the vortex regions near the hub and
the casing is required. In other words, the increase of the mass flow rate calls for the
decrease of the boundary layer thickness, which is in consistence with the general principle
of fluid dynamics.

Using similar numerical methods, we can get the relation between other performance
parameters and the vorticity parameters, as listed below:
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(a) The relation between total pressure ratio and the azimuthal vorticity:

Jo 'S [ pucpras

S P _ f52 puzdS _ T B f52 puzp*ds B sz puzp*ds
Up fopweptdS  fg puaptdS — J puzptdS Ci
Js, pu=ds i @
L Oy
_ —Js, rop st N Js, Top* wedS
2Cy C
C =2C= fS puzp*dS ~ —0. 5fs rop* %ds -

= —nfrz 2op —drw nfzr op* wedr
(b) The relation between total temperature ratio and the azimuthal vorticity:

fsz puzT*dS sz ou;T*dS

o Ty Js, puzds B Ty B Js, pu=T*ds B Js, pu=T*ds
i T J puzT*dS [ pu:T*dS  [5 pu-T*dS Cs
fsl puzdS 1y ©
L Oy
—Js, 10T 5 —.-dS Js, 10T* wedS
N 2C3 B Cy
auz
C4 = 2C3 = fS pMZT*dS ~ 705]5 ro a—dS ( )
7

nfrz 2pT* dr ~ nf 2 120T* wedr

(c) The relation between adiabatic eff1c1ency and the azimuthal vorticity:

y-1 *
(2)" 0 (fppwds> 1
o= 1 LTI S c ®
Li _1 T — 1 Js, oT*wod$S B
T; -

(d) The relation between stall margin and the azimuthal vorticity:

G .
(7)g 1 n C i G . (JsrpwedS) 1

M=y Y T (orpands) LT ( fszrpp*w9d5> (Js7pcwpdS).
(1i1) 4 ([srowedS), G ;

Here, superscript * denotes the total condition, subscript ¢t denotes the total to total con-
dition, while subscripts s and d represent the stall point and the design point, respectively.
To further reveal the mechanism of flow loss generation and find out the internal
correlation between the vorticity and the compressor performance, the Boundary Vorticity
Flux (BVF) is investigated in the present study. The concept of BVF was first put forward
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by Lighthill [41] in 1963 as a measurement for the physical generation of vorticity in the
on-wall area. Following is its definition:

Y R L (10)
[y on
The axial moment exerted on the gas by the rotor blades of an axial fan/compressor
can be represented as follows:

M. = —/S (r x np),ds (11)

Considering a sequence of mathematical transformation relations, Equation (11) could
be transformed into the following form:

M, = /(rxnp :—7/ prapzd8+ j{ prid (12)
S

Here, M stands for total moment vector of acting onto the fluid by fan/compressor
rotor blades, and M, is its axial-component. 7y, is axial-component of BVFoy,, S;, denotes
rotor blade surface and 9dS; is the boundary of S,. According to Equation (12), the M,
consists of two parts: the surface integration of the second-moment of ¢y, is the first part,
and the curve integration of the second-moment of static pressure p is the second. Hence,
we can see that the lower ¢y, is, the higher M, will be, which would have more beneficial
effects on the total pressure ratio for the fan/compressor rotor blade passage. Therefore,
the axial component of the BVF ¢y is an important parameter that reflects the aerodynamic
performance of the fan/compressor.

4.2. Flow Diagnosis Based on Vorticity Dynamics

The distribution of azimuthal vorticity between the baseline and the optimized case
is presented in Figure 8. Four sections are displayed, as shown in Figure 9, the chord-
wise locations are ¢/Cy, = 14%, ¢/Cy = 42%, ¢/ Cyyy = 70% and ¢/ Cy;, = 90%, respectively.
Compared with the baseline case, significant reduction of the vortex intensity is achieved
by the optimization, which is particularly obvious in the tip region of the rotor blade.
This phenomenon further demonstrates that the rotor optimization could obtain a more
reasonable configuration of the shock wave in the transonic fan, which would therefore
enhance the through flow capability according to Equation (3).

g [1/s] —5.000 —3.000 —1.000 1.000 3.000 5.000 7.000 9.000 11.000 13.000 15.000

Ve

14%C

42%C 70%C, 90%C ,

W&W@@@

14%C

42%C 70%C, 90%C,,

Figure 8. Azimuthal vorticity in cross section in the rotor passage: (a) Baseline; (b) Optimized.



Energies 2023, 16, 7230

13 0of 19

14%C,  42%C,  70%C,  90%C,

Figure 9. Chordwise location for cross sections in the rotor.

Presented in Figure 10, the radial vorticity and the skin-friction lines on the rotor blade
suction surface demonstrate that boundary-layer separation caused by shock wave features
as a sharp decrease in the radial vorticity, and since the optimized rotor has a smaller
separation region, it has a weaker radial vorticity gradient. The weakened separation flow
indicates that the optimized rotor blade in this study could achieve a favorable control effect
on the shock wave in the upper half of the blade, whereby improving the aerodynamic
performance of the fan stage. However, the negative radial vorticity near the hub at the
inlet of the optimized rotor blade indicates the lack of accuracy in leading edge metal angle
at these areas, which needs to be further optimized in future studies.

o, [1/s]-7.0X105 —4.4X105 —1.8X10% 8.0X10° 3.4X10% 6.0X10°

Baseline

Optimized

Figure 10. Radial vorticity and skin-friction lines on the blade suction surface.

The axial component of BVF (0);) on the blade suction surface is shown in Figure 11.
According to the demonstrations above, the increment of 0pz in the boundary layer area
is detrimental to the performance of the compressor due to the reduction in the total
aerodynamic torque. As can be seen in Figure 11, the positive peak of oy is weakened and
shifted towards the upper part of the blade in the optimized case, which indicates that the
flow loss caused by the shock wave is reduced significantly, and the fluid will be able to
receive larger axial torque when it travels through the rotor blade passage.
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Gp- [m/52]-2.00X 104 2.35X 105 4.90X 105 7.45X 105 1.00X 10¢

Baseline Optimized

Figure 11. BVF-0},; on rotor suction surface.

According to the famous boundary layer separation criteria proposed by Wu [26]
(although there have been some long-standing controversial issues), boundary layer sepa-
ration is characterized by the following three features:

Separation zone warning: The distinctive vorticity vector lines on the wall have a
significant positive curvature in addition to converging skin-friction lines.

Separation line criteria: The curvature of vorticity lines reach a maximum.

Separation watch: Tangent BVF lines turn to the direction of skin-friction lines on
wall, or the tangent pressure gradient vector lines are basically perpendicular to the
separation line.

Above criteria are employed to investigate the flow in the present rotor blade pas-
sage. The skin-friction lines and the BVF lines are presented in Figure 12. The range of the
shock-wave-induced separation bubble which is sketched clearly by the skin-friction lines is
reduced significantly in the optimized case, and the direction of the BVF lines is just in paral-
lel with the separation line, which is in good agreement with the above-mentioned criteria.

LTRSS
— ] \,\\)\)7

i
ii“

SO DO
/,‘:“‘

!
(ij &

Baseline Optimized

Figure 12. BVF lines (in red) on and skin-friction lines (in blue) on rotor blade suction side.

The specific entropy and its gradient on the rotor blade suction surface are presented
in Figure 13, the vector lines (7, w) are depicted as well. For the optimized case, entropy
production caused by the shock wave in the tip region of the rotor blade is reduced
remarkably, and the flow separation is suppressed effectively. In fact, the fundamental
principle of transonic fan optimization design is the control and utilization of the shock
wave. According to Figure 13b, the spike of entropy gradient coincides well with the
separation line, which is more helpful to examine boundary-layer separation. Also, the
reduction of the entropy gradient in the vicinity of the separation line indicates that the
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intensity of the shock wave is weakened effectively by the optimization of the curvature.
Moreover, it can be seen that on both sides of separation line where the skin-friction lines
converge, the curvature of the vorticity lines reaches its peak, which proves to be a valid
method to identify boundary-layer separation flow.

S [J/(kg-K)] 200 233 267 300 333 367 400 433 467 500 533 567 600

Baseline Optimized

(a)
B

ds/dz [7/(kg'K-m)] —5.0 X 10 —8.0X 102 3.4X 103 7.6X 103 1.2X 10* 1.6 X 10*

Baseline Optimized
(b)

Figure 13. Vector lines (7, w) and entropy on the rotor blade suction side: (a) Vector lines (7, w) and
specific entropy; (b) Vector lines (7, w) and axial gradient of entropy.

Designed to compress fluid, the main goal of a fan stage is to increase the static
pressure of the fluid that flows through its blade passages. The static pressure on the
suction surface of the rotor blade is presented in Figure 14a, and the gradient of the static
pressure is shown in Figure 14b. As shown in Figure 14a, the static pressure in the upstream
of the separation region is higher in the optimized case than that in the baseline case, which
indicates that the Mach number in front of the shock wave is lowered by the optimization.
As a result, the intensity of the shock wave will be weakened and the consequent shock loss
will be reduced. The gradient of the static pressure in Figure 14b has also demonstrated that
gradient of the static pressure is more beneficial to check shock wave and boundary-layer
separation. Moreover, the shock wave is weakened remarkably for the optimized case,
which provides a more reasonable flow configuration in the rotor blade passage.
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p[Pa] 50,000 75.000 100.000 125.000 150,000 175.000 200.000

Baseline Optimized

(a)
B

dp/dz [Pa/m]-1.0 X106 2.0X10° 1.4X10¢ 2.6X106 3.8X105 5.0X105

Baseline Optimized
(b)

Figure 14. Vector lines (7, w) and static pressure on the rotor blade suction side: (a) Vector lines (7, w)
and specific static pressure; (b) Vector lines (7, w) and axial gradient of static pressure.

5. Conclusions

The aerodynamic optimization of the rotor blade in a low-bypass transonic fan stage
is implemented, and a flow diagnostic method based on vorticity dynamics is employed in
order to discuss the flow and reveal the mechanism of three-dimensional transonic flow
both in the baseline and optimized fan blade passage.

By optimizing the curvature of the camber line and matching the inlet flow angle, a
novel rotor blade geometry with continuous curvature is acquired. As a result, the intensity
and scale of the shock wave are reduced and the subsequent boundary layer flow separation
is delayed, increasing the through-flow effect and pressure rise effect while reducing flow
loss level in the optimized transonic fan stage passage. After the optimization, the total
pressure ratio of the fan stage is increased by 1.90%, while the adiabatic efficiency and mass
flow rate are increased by 4.45% and 5.82%, respectively.

The aerodynamic performance of axial flow fan/compressor depend strongly on the
vorticity dynamic parameters revealed from vorticity dynamic theory formulas in this
research. The azimuthal vorticity and the boundary vorticity flux have significant influ-
ences on the through-flow effect and other aerodynamic performance parameters of the
fan/compressor passage. The triggering of boundary layer flow separation in a transonic
fan passage is accompanied by the spike of entropy and static pressure, and their deriva-
tive/gradient values will also be changed drastically. Other than flow parameters them-
selves, the derivative/gradient of flow parameters can reveal more underlying and higher
accuracy information to researchers. Thus, the utilization of flow diagnostic method based
on vorticity dynamics can provide the researchers with a novel method for turbomachinery
aerodynamic analysis and design in the aero-engine engineering development field.
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Nomenclature

c Local meridian curve distance

Cm Total meridian curve distance

h Local span distance

H Blade height

m’ Normal coordinate for the streamline

m Mass flow rate

Ma Mach number

M Moment vector, Mach number

n Corrected Rotating speed

P Pressure

r Radial coordinates

S Entropy

T Temperature

u Non-dimensional coordinate in basic airfoil plane, absolute velocity

z Axial coordinates

o Out flow angle

AB viation on metal angle

6 Deviation angle

7 Efficiency

0 Circumferential coordinates

A6 Deviation on tangential lean angle

U Dynamic viscosity

v Kinematic viscosity

T Pressure ratio

1Y Density

op Boundary vorticity flux

T Shear stress

w Vorticity

Subscripts/Superscripts

1 Inlet conditions

2 Outlet conditions

r Relative conditions

r,8,z Radial, circumferential, axial components

is Isentropic

* Total condition
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