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Abstract

With the development of society and economy, higher requirements are put forward for
turbomachinery, including economy, stability, and low emissions. High-performance
computers have enabled numerical simulation to play an increasingly important role in
improving turbomachinery performance. Although DNS and LES can simulate the
actual situation more accurately, limited by computer capabilities and economic factors,
the work in this paper will focus on comparing the differences between RANS/URANS
and DNS, and modify the boundary conditions in various ways to improve the

simulation accuracy.

After completing the grid independence verification, the pressure coefficient, skin
friction coefficient, total pressure and loss of multiple turbulence models including k-
omega model were compared to find a better choice. Turbulence intensity values of k-
omega model with transition options and Transition SST model have been modified in
order to identify the best matching between RANS and DNS with different turbulence

intensity in terms of turbulence behavior on blade profile.

In order to further simulate the complex flow of the multi-stage compressor and the
losses caused by the flow, the boundary conditions were compiled using UDF. It is
worth noting that the inlet boundary conditions were obtained in an iterative way from
outlet conditions provided by simulations. Finally, by comparing the results of DNS
and URANS under various operating conditions, losses from URANS are more in

accordance with DNS with respect to RANS.
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1 Introduction

1.1 Motivation

How to improve the efficiency of turbomachinery is a hot topic of research in the world
today, and the complex flow inside the turbomachinery, also the complex structure of
the turbomachinery, make the research difficult.[1] The development of
turbomachinery requires high research and development costs. For example, the
development of gas turbines can easily exceed 500 million pounds. In addition,
although experimental research can find problems more accurately, the experimental
cost is high and experimental period is very long. So pure experimentation is not the
most effective research method. Coupled with the rapid development of computing, all
this has spawned the rapid development of Computational Fluid Dynamics (CFD) and
created a lot of economic benefits. Numerical simulations have been developed over a
long period, where trends in turbomachinery turbulence treatments was introduced by
P.G. Tucker. [2] As noted by Denton [3] and Menter et al. [4], how to predict the
development of turbulence is an important means to design and test the performance of

turbomachinery.

Turbomachinery is used in a wide range of applications, such as the aviation industry,
power generation and navigation. In the society, in order to achieve ambitious emissions
and efficiency goals, turbomachinery design is bound to undergo earth-shaking changes.
The EU Flightpath 2050 report points out that by 2050, NOx will be reduced by 90%
and CO2 by 75% compared to 2000.[5] James et al. summarized the challenges and
future of numerical simulation of turbomachinery.[6] Of course Direct Numerical
Simulation (DNS) [7][8][9] is the most effective research method, other than Large

Eddy Simulation (LES),[10][11][12] but these research methods require high-
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performance computers. At the current stage, it is difficult to achieve large-scale
promotion and application. Reynolds-Averaged Navier-Stokes/ Unsteady Reynolds-
Averaged Navier-Stokes (RANS/URANS) [13][14]is still the most important research
method. It is undeniable that compared with DNS, RANS/URANS is difficult to capture
some minor changes in the simulation process. How to minimize this error through

modification is an effective way to improve calibration.
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Figure 1.1: Turbulence modelling hierarchy. [2]

Currently, there are many high-fidelity computational fluid dynamics (CFD)
simulations, such as DNS and LES, [15] [16] [17] but these research methods require

large-scale computer clusters. In order to save computational resources and improve



the efficiency of numerical simulation, this work will compare the numerical simulation
results of RANS/URANS and DNS in some aspects, and minimize the difference
between RANS/URANS and DNS by modifying the calculation model, inlet and outlet

conditions through various modes to improve the fidelity of the numerical simulation.

1.2 Outline

The thesis begins with a literature review in Chapter 2, which includes the current state
of research on turbulence model and numerical simulations of turbines and compressors.
The third chapter introduces the model creation, turbulence model and various settings
of numerical simulation in detail. The fourth chapter comprehensively compares the
differences between RANS and DNS, URANS and DNS, under different working
conditions. The last chapter draws conclusions and looks forward to the work that can

be continued in the future.



2 Literature Review

In the past 30 years, CFD has ushered in a revolutionary development. Although CFD
has developed very rapidly, there are still many problems that need to be solved.[18]
Continuous efforts and innovative methods are needed to solve the computational
inaccuracy problem of CFD.[19] CFD began to gain attention in the 1970s and has since
led to major changes in the design of commercial aircraft. [20] After entering the 1980s,
the required solution equation became the Navier-Stokes equation. Since then, the
development of CFD has become relatively mature and has become an important means
of analyzing problems in the scientific community. The reason why CFD has grown so
rapidly is inseparable from the two motivations of providing important new
technologies and capabilities and economics.[21] In the aerospace field, the use of
compressible Navier-Stokes equations to simulate actual flow only began to appear in

1985.

2.1 Turbulence model

In 2022, Yi Yang et al. of Beithang University used the RANS/LES hybrid method to
study the tip instability and turbulence characteristics of transonic turbine cascades.
Through the identification and extraction of vortices, two unstable features of vortex
rupture and vortex drift were observed with a relatively small number of meshes.
Compared with RANS, which uses RANS to study the boundary layer, LES studies the
hybrid method far away from the boundary layer to capture these unstable properties

more easily.[22]

In 2020, Marco Tiberga et al. of Delft University of Technology investigated the use of
a high-order discontinuous Galerkin solver to solve incompressible RANS equations.

By extending the laminar flow solver and coupling it into the k-epsilon model, the



pressure correction method is finally used to solve the incompressible RANS equation.
Compared with the traditional k-epsilon model, the optimized turbulence model is more

similar to the DNS/LES results.[23]

S. Kubacki et al. (2016) of Warsaw University of Technology discussed the application
of algebraic intermittent models to predict bypass and separation induced boundary
layer transitions. The transition model is combined with the k-o turbulence model. The
transition model uses only local variables and is adjusted for turbomachinery flow. For
RANS, the model can more accurately simulate transitions caused by bypass and
separation, and for URANS, the model can more accurately simulate transitions caused

by wake.[24]

In 2009 Keith Walters of Mississippi State University studied Transition-Sensitive of
RANS model. Through research, it is found that when there are fluctuations in the
external environment, the transition caused by separation, the boundary layer needs to
withstand a larger reverse pressure gradient. In addition, a more common type of by-
pass transition involves the triggering of streaks by external fluctuations. Due to their
convective phenomena downstream, the streaks become unstable and eventually

become turbulent points.[13]

2.2 Turbomachinery

Non-equilibrium boundary layer modeling of three compressor blade geometries using
RANS and other high-fidelity simulations was researched by Robert Spencer et al.
(2021) It is found that for low Reynolds number conditions, Boussinesq assumption
tends to lead to an under prediction in peak turbulence production and an over
prediction of skin-friction. Capturing the correct unbalanced behavior requires
modification of the standard k- SST model. It was found that the model constant f;

needs to be reduced to match the non-equilibrium behavior of the suction side. Non-
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equilibrium effects can correct up to a 40% increasement in trailing edge momentum

thickness. [25]

In 2020, Pawel J. Przytarski et al. of the University of Cambridge used the outlet
parameters of the single-stage blade as the inlet condition, effectively completed the
repeated multi-channel numerical simulation, and found that a smaller axial clearance
would increase the dissipation by 5.5% to 9.5%. And in 2018, the effect of resolution
on viscous dissipation was investigated by simulating Taylor-Green vortex canonical
flow, and by capturing instability mechanisms upstream of the transition, and
subsequent turbulence studies on dissipation. The interaction of free-stream turbulence
at the leading-edge and development of streaks in the laminar region of the boundary

layer was found to be an important factor affecting dissipation.[26][27]

T. A. Zaki - J. G of Imperial College London in 2009, based on the setup of the
experiments performed by Hilgenfeld and Pfitzner, used direct numerical simulations
to study the migrating tail. The effect of flow on the boundary layer. The study found
that the boundary layer along the suction side of the blade separates and rolls up. A
further transition to turbulent flow was found to occur inside the roll. The boundary

layer flow along the pressure side is not separated but undergoes a bypass transition.[28]

In 2004, Lothar Hilgenfeld of Universitaet der Bundswehr Muenchen et al studied the
influence of wake effect on compressor cascade. For highly loaded linear compressor
cascades, the wake will cause a significant reduction in the time-averaged momentum
thickness, along with the presence and amplification of velocity oscillations in the

boundary layer, illustrating the possibility of reduction at any time.[29]



2.3 Concluding remarks

This chapter mainly introduces some research progress related to this paper in the field
of turbulence model and turbomachinery, although DNS and LES have carried out
many high-fidelity numerical simulation studies, and even a mixture of RANS and LES
has been carried out. However, limited by the development of computers and the
complexity of research, RANS and URANS are still the main numerical simulation

methods.

This chapter shows that in order to adapt to numerical simulations with higher
requirements, traditional turbulence models need to be further optimized to capture
more changes to achieve accurate simulations, such as the study of boundary layers,
wakes, and turbulence intensity studies. The research method fully compares the
numerical differences between RANS/URANS and DNS in various aspects, so as to

further pave the way for subsequent optimization work.



3 Computational Methods

ANASYS is used for studies discussed in this thesis. The accuracy of ANSYS can be
very well guaranteed in the process of numerical simulation of low-velocity blades.

This chapter introduces all the preprocessing and the theoretical part involved.

3.1 Numerical simulation model

NACA 65 is used as research object in this thesis and it includes two sides including

pressure side and suction side with 31 points.

Suction side Pressure side

x/1

y/l

x/1

y/l

0.0000000
-.0002600
0.0010000
0.0067114
0.0134228
0.0201342
0.0335570
0.0402685
0.0536913
0.1006709
0.0610731
0.2214754
0.2818777
0.3489913
0.4026822
0.4697959

0.0000000
0.0012215
0.0036653
0.0082726
0.0130225
0.0172630
0.0249829
0.0285939
0.0354450
0.0566955
0.0794272
0.0978480
0.1122796
0.1238375
0.1297438
0.1330142

0.0000000
0.0010000
0.0027400
0.0067114
0.0134228
0.0201342
0.0335570
0.0402685
0.0536913
0.1006709
0.1610731
0.2214754
0.2953004
0.3624141
0.4161050
0.4832186

0.0000000
-.0012223
-.0017785
-.0011683
-.0001393
0.0013155
0.0047198
0.0065403
0.0102781
0.0232978
0.0384398
0.0512036
0.0634820
0.0715853
0.0760471
0.0791789




0.5234868
0.5771777
0.6442913
0.7114050
0.7583845
0.8187868
0.9060345
0.9463027
0.9664368
0.9865709
0.9932823
0.9974000
1.0000000
1.0000000
1.0000000

0.1323615
0.1288272
0.1203960
0.1075568
0.0960040
0.0781407
0.0466863
0.0300845
0.0213336
0.0122979
0.0092250
0.0074000
0.0046913
0.0024000
0.0000000

0.5369095
0.5906004
0.6577141
0.7114050
0.7583845
0.8187868
0.8859004
0.9463027
0.9664368
0.9798595
0.9865709
0.9930000
0.9950000
0.9980000
1.0000000

0.0797215
0.0784760
0.0743031
0.0686937
0.0620001
0.0506813
0.0340652
0.0149059
0.0075193
0.0022905
-.0004172
-.0027235
-.0031000
-.0022098
0.0000000

Table 3.1: Profile Coordinates [30]

P

Vi

Fig 3.1:

By = 132° Cax = 100mm
B = 96° t/1=0.55
Bs = 112.5°

Compressor Cascade [30]




Compressor cascade was designed in 1971 by Hoheisel called V103-220. In this thesis,

the axial chord of the compressor cascade is set to 100mm, and the installation angle of

the cascade is consistent with V103-220.The inlet flow angle of the cascade is 132°

and the outlet flow angle of the cascade is 96°.Besides, the ratio of blade spacing to

blade chord is 0.55. By defining the length of axial chord, the size of the entire cascade

is fully determined.

240

58 53

Fig 3.2: 2D single channel cascade

Since the cascade is a plane cascade, and the arrangement of the blades can be obtained
in the form of an array. In order to simplify the calculation, save the calculation cost
and calculation time, the calculation model used in this thesis is a single-channel two-
dimensional cascade which is represented in Fig 3.2. The size of the inlet passage at the

front of the blade cascade is 40mm, and the size of the outlet passage is 100mm.

3.2 Meshing

The model is built by SolidWorks, and the mesh is drawn by ICEM. Since ICEM cannot
recognize the 2D model, the 3D model is created by SolidWorks which is presented in
Fig 3.3. After importing into ICEM, the extruded part is deleted, and finally the plane

mesh is drawn.



Fig 3.3: Cascade model created by SolidWorks

Fig 3.4: Example mesh and block structure

ICEM is used for mesh division. There are 76 blocks in the whole domain. O_Block is
used to divide the surrounding of the blade, and the surface layer mesh is used to refine
the surrounding of the blade to improve the accuracy of calculation. In Fig. 3.4, it can

be seen that the leading edge and trailing edge of the blade are divided into more blocks

11



to improve the mesh quality, and the overall mesh quality is controlled above 0.85 and

more than 95 percent of the mesh quality is equal to 1.

Since a single-channel cascade is used for numerical simulation, periodic grids need to

be set in the grid. The period was set to be arrayed at 59.53 mm in the y-axis direction.

3.3 Numerical set up

In the present study, two-dimensional numerical simulations are performed by solving
steady-state incompressible Reynolds-Averaged Navier-Stokes (RANS) equations and

unsteady Reynolds-Averaged Navier-Stokes (URANS) equations.

3.3.1 Continuity and Momentum Equations

For all flows, ANSYS Fluent solves conservation equations for mass and momentum.
For flows involving heat transfer or compressibility, an additional equation for energy
conservation is solved. In this paper, incompressible fluids are used, so only the mass

conservation equation and the momentum equation are considered. [31]

The Mass Conservation Equation:

V. (p%) =0 3.1)

Momentum Conservation Equations:

0 _
e (pv) + V. (pv0) = -Vp+V.T (3-2)
The stress tensor T is given by
_ 2
7= ul(V5 +757) — S Vvl (3-3)

where p is the molecular viscosity, I is the unit tensor, and the second term on the

right side is the effect of volume dilation.
12



3.3.2 Turbulence

Solving turbulence problems is inseparable from the development and improvement of
turbulence models.[32] After the rapid development of numerical simulation for
decades, there are several classical turbulence models, which provide more help for
people’s more intuitive cognition, but these models further optimization is required to
simulate more complex turbulent phenomena,[33][34] and this section will start with
an introduction to the most classic turbulence models and in the following chapters, we
will use various models for numerical simulation to select the most suitable turbulence

model for low-velocity cascade simulation.[35][36]

Spalart-Allmaras Model

The Spalart-Allmaras model is a one-equation model that solves a modeled transport
equation for the kinematic eddy (turbulent) viscosity. The Spalart-Allmaras model was
designed specifically for aerospace applications involving wall-bounded flows and has
been shown to give good results for boundary layers subjected to adverse pressure
gradients and can be used to simulate turbulent separation and entropy generation. It is

also gaining popularity in turbomachinery applications.[37][38][39]

The Spalart-Allmaras model is suitable for solving low Reynolds numbers and only for
aerodynamic flows, but not for plane and round jet flows. The solution requires 1<y”

<30.

Shear-Stress Transport (SST) k-o Model

For k — w model, k represents the turbulence kinetic energy and w represents the
specific dissipation rate. The SST k — w model includes all the refinements of the
BSL k — w model, and in addition accounts for the transport of the turbulence shear

stress in the definition of the turbulent viscosity. Through continuous improvement of



the model, the use of the SST model to calculate a wider range of fluids has higher

confidence and accuracy.[40][41][42]

Transition SST Model

The Transition SST model is based on the coupling of the SST k — w transport
equations with two other transport equations, one for the intermittency and one for the
transition onset criteria, in terms of momentum-thickness Reynolds number. An
ANSYS empirical correlation has been developed to cover standard bypass transition

as well as flows in low freestream turbulence environments.

However, the Transition SST model the can only calculate wall flows, not transition in
free shear flows. In addition, the model cannot be applied to relatively moving walls
and flow fields with zero freestream velocity. Of course, the model cannot superimpose

other influencing factors, such as buoyancy and multiphase turbulence.[43][44][45]

k-kl-o® Transition Model
The k — kl — w transition model is used to predict boundary layer development and
calculate transition onset. This model can be used to effectively address the transition

of the boundary layer from a laminar to a turbulent regime.[46][47][48]

3.3.3 Grid independence verification

In the process of numerical simulation, the final simulation results should not be
affected by the number of grids. However, in order to save computing resources and
speed up the calculation, the number of grids cannot be increased without limit.
Therefore, selecting the appropriate number of grids is a process of numerical

simulation critical step.



20k

Fig 3.5: Grids with different numbers of nodes

Mesh X direction nodes Y direction nodes Blade surface nodes
5k 153 30 150
10k 244 47 238
20k 326 73 320
50k 442 102 446
100k 710 159 702
200k 950 222 934

Table 3.2: Profile Coordinates

In table 3.2, the node distribution of the mesh is described in detail. When the number
of meshes increases, the number of nodes in the X and Y directions and the blade
surface increases. When the number of grids is 200k, the number of nodes in the X
direction reaches 950, the number of nodes in the Y direction is 222, and the number of
nodes on the blade surface is 934.

yt=yu /v (3.4)
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Pressure coefficient:
Cp = (P = Prep)/(0.5pVyer?) (-5)

Friction coefficient:
Cr =1/(0.50Vyef%) (3.6)

Total pressure loss coefficient:

¢ = (pO,in - pO,out)/pO,in (3.7)
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Fig 3.6: Block division of DNS and drawing line of turbulence intensity

Figure 3.6 describes the meshing of DNS, in which there are 9 blocks in DNS and 4
blocks around the surface of the blade. The inlet length is 0.5 times Cax, and the outlet
is 0.15 times Cax. The blue curve is selected as the research curve for turbulence
intensity, and the curve at the same position is also selected in Fluent to compare the

changes of turbulence intensity at the same position.
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Fig 3.7: Grid independence verification comparison

Figure 3.7(a) shows the distribution of different grid numbers y+, which is less than 1
on the whole, at most positions is about 0.4, and y+ is the largest at the leading edge
position, with a value of about 1. But different grids correspond to the y+ is very similar,
except that the grid with a grid number of 5k is quite different from the other grids, and

the other grids have only very small differences.

In Figure 3.7(b), each grid has the same pressure coefficient, except that the grid with
a grid number of 5k has a small difference in the leading edge position. Figure 3.7(c)
shows the skin friction coefficient of different grids. In the middle of the blade, the grids
with fewer nodes are significantly different from other grids, and the other grids are
basically the same. Figure 3.7(d) shows the total inlet and outlet pressures. It is obvious
that at the inlet, the total pressure is a constant value along the y-axis and there is no

difference between each grid. Compared with the inlet total pressure, the outlet total
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pressure has an obvious pressure drop locally, but the minimum pressure of the grid
with a grid number of 5k is higher than that of other grids, followed by the grid with a
grid number of 10k. The rest of the grids have the same pressure distribution. Figure
3.7 (e) has the opposite trend compared to (d), the grid with 5k nodes has the largest
total pressure loss. The variation of Tu along the flow direction is described in Figure

3.7 (f), and there is no significant difference between the six grids.

Through comprehensive comparative analysis, a grid with a node number of 50k is
finally selected as the calculation grid. There is no obvious difference between this grid
and a grid with a higher number in the comparison of various parameters. In the case
of ensuring the calculation accuracy, the calculation velocity is also improved, and the

calculation time is saved.

3.3.4 Turbulence Model Comparison

This section will compare the results of five RANS simulations with DNS, where DNS
is direct numerical simulation, ko is k-omega model, SA is Spalart-Allmaras model, Tk
is Transition k-k-kl-omega model, TS is Transition SST model and koT is k-omega

model with transition options.

—DNS —kw —kwT —SA—Tk TS
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Fig 3.8: Turbulence Model Comparison
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In figure 3.8(a), the effect of the turbulence model on the pressure coefficient is
compared. The results obtained by the Transition k-k-kl-omega model are quite
different from other turbulence models. The separation phenomenon occurs in the
middle and lower position of the blade suction side, while the calculation results of
other turbulence models are basically consistent with DNS. Figure 3.8(b) shows the
skin friction coefficient of different turbulence models. On the pressure side, except
that the results of Tk model are quite different from DNS, the calculations of other
turbulence models are basically same. For the DNS results, it can be seen that there is
an obvious trend of rising firstly and then falling. Although the curves of the pressure
side overlap well on the whole, the results of each RANS turbulence model do not have
this trend. The results of the various turbulence models on the suction side are
significantly different. The curves of ko and SA model basically overlap, and the same
decline rate is basically maintained from the leading edge to the trailing edge, but there
is a big difference with the results of DNS. After the Tk model showed separation in
the second half of the blade, the curve became abnormally fluctuating, which was the
most different from the DNS results. The koT and TS models have the same trend as
the DNS results, but there are still some differences between the TS model and DNS in

the middle part of the blade, but the kwT model and DNS results are highly similar.

In Figure 3.8 (c), the total pressure distributions at the inlet and outlet of the DNS are
compared for each turbulence model. For the inlet total pressure, it is very obvious that
the curve of the total inlet pressure of DNS is not a straight line, it fluctuates around
100010 Pa, which is like the actual pressure distribution, while several turbulence
models of RANS are limited by grids and so on. For the total pressure at the outlet, after
the airflow passes through the blade, an obvious wake area will be generated. In this
area, the total pressure will be lower than other areas, and the pressure distribution will
be in the form of a quadratic function. The total pressure loss obtained by the Tk model

is significantly larger than that of DNS, but the total pressure obtained by other models
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is slightly smaller than that of DNS. In addition, due to the effect of separation, the
wake area obtained by the Tk model has a certain deviation from several other models.
Figure 3.8(d) shows the distribution of the total pressure loss, which has an opposite

distribution trend to the total pressure distribution.

The calculation results of the ko T and TS model are the most similar to the DNS in the

comparison of various parameters. Therefore, the KoT and TS model is finally used as

the turbulence model for the following research.
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4 Result and discussion

4.1 Steady case

4.1.1 Compared with DNS with Tu equals to 6%

In order to make the RANS result match the DNS result better, this part selects the inlet
condition which is same with the DNS result by modifying the turbulence intensity of

the inlet and comparing it with the DNS result.

The model selected first is the k- model with transition options, the inlet condition is

the total pressure inlet, P;"=100010 Pa and the outlet is the natural outflow. Select 3%.

5%. 7%. 9% and 10%for the turbulence intensity of the inlet.

—DNS —Tu=3% —Tu=5% —Tu=7% —Tu=9% — Tu=10%
(@) (b)

1 (c)

o

~

- (5]

Turbulence intensity [%)]

Fig 4.1: Comparison of turbulence intensity between DNS (Tu=6%) and k-omega

model with transition options
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Turbulence 1Py Ip OPy Op

Intensity [%] [Pa] [Pa] [Pa] [Pa]
3 100010 99738 100000 99847
5 100010 99739 100000 99847
7 100010 99739 100000 99847
9 100010 99740 100000 99847
10 100010 99740 100000 99847

DNS Tu=6% 100010 99736 100000 99849

Table 4.1: Comparison of parameters under different inlet turbulence intensity between

DNS(Tu=6%) and k-omega model with transition options

v (m/s) I =
()04812 16 20 24

2
— Tu=3%
Tu=5%
—
Tu=7%
Tu=9%
Tu=10%

Fig 4.2: Comparison of velocity and boundary layer of k-omega model with transition

options under different turbulence intensities (higher turbulence intensity)
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Fig 4.3: Comparison of static pressure of k-omega model with transition options under

different turbulence intensities (higher turbulence intensity)

Tu (%) IS ..
2 4 6 8 10

(@)

‘ (c)
(a) Tu=3% (d)Tu=9%%
(b) Tu=5% (e)Tu=10%
(c) Tu=7%
(e)

Fig 4.4: Comparison of turbulence intensity of k-omega model with transition options

(d)

under different turbulence intensities (higher turbulence intensity)
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In order to keep the changing trend of turbulence intensity of RANS as consistent as
DNS, the inlet turbulence intensity of the calculation model was modified, and the

pressure coefficient and skin friction coefficient were compared.

Figure 4.1 shows that when the turbulence intensity of the RANS is low, a separation
occurs in the middle of the suction side, but as the inlet turbulence intensity increases,
the range of separation becomes smaller and smaller, which tends to be consistent with
the results of DNS. For skin friction coefficient, there are obvious fluctuations at the
pressure side due to the influence of separation, but with the increasement of turbulence
intensity, the fluctuation tends to be flat, and the coincidence with DNS increases
significantly. At the front of pressure side, as the turbulence intensity increases, the
values of RANS and DNS tend to be more consistent. From the distribution curve of
turbulent lightness, it can be seen that at the inlet position, the turbulence intensity
obtained by RANS decreases significantly faster than that of DNS. When the turbulence
intensity is 10%, the results of RANS and DNS are the most similar. Due to the accuracy
of the calculation, the turbulence of the RANS has always shown a downward trend,
while the DNS has some fluctuations, but the overall trend is downward. Especially at
the front of the inlet, the turbulence intensity has an obvious trend of change, but this
trend cannot be reflected in RANS. When calculating with this model, compared with
DNS, RANS needs to increase the turbulence intensity of the inlet appropriately to

solve the problem that the turbulence intensity at the inlet decreases rapidly.

Table 4.1 shows that the total pressure at the inlet remains constant for different
turbulence intensities. Compared with the DNS data, the static pressure at the RANS
inlet is slightly larger, and the greater the turbulence intensity, the bigger static pressure

at the inlet. DNS and RANS have the same total outlet pressure, but the outlet static
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pressure gap is slightly larger than the data of RANS, but the outlet static pressure of
RANS remains the same under various working conditions, all of which are 99847Pa.

Figure 4.2 shows the velocity distribution and boundary layer for different turbulence
intensities when using the k-omega model with transition options. It is obvious that the
distribution of the resting velocity contour is basically same. On the suction side, a
region with relatively high local velocity is generated, and then the velocity decreases.
On the pressure side, the velocity shows a slow downward trend, and there is no velocity
fluctuation. A relatively obvious change is that with increasing turbulence intensity, the
location of the high-velocity region is relatively far from the inlet location, but the
difference is not very big. The flow field can also be seen from the distribution of the
boundary layer. At the trailing edge of the pressure side, there is a relatively large low-
velocity area, and after passing through the blade, there is a wake area along the
direction of the blade. Changes in turbulence intensity did not significantly change the

velocity distribution.

Figure 4.3 describes the pressure distribution of the entire domain. Corresponding to
figure 4.3, a local low pressure area is formed in the area with high velocity, and a local
high pressure area is formed at the trailing edge of the pressure side. With the change

of turbulence intensity, the pressure distribution is also basically the same.

Figure 4.4 compares the distribution of turbulence intensity across the domain. There
is a very obvious decrease in the turbulence intensity at the inlet. The bigger turbulence
intensity at the inlet, the more obvious the decrease at the inlet. Due to the influence of
the wake, a well-defined region of high turbulence intensity is formed at the outlet. On
the whole, the turbulence intensity is decreasing continuously, but the decrease is the

fastest at the inlet.
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Fig 4.5: Comparison of turbulence intensity between DNS (Tu=6%) and Transition SST

model

Turbulence 1Py Ip OPy Op

Intensity [%] [Pa] [Pa] [Pa] [Pa]
3 100010 99738 100000 99847
5 100010 99739 100000 99847
7 100010 99739 100000 99847
9 100010 99740 100000 99847
10 100010 99740 100000 99847

DNS Tu=6% 100010 99736 100000 99849

Table 4.2: Comparison of parameters under different inlet turbulence intensity between

DNS(Tu=6%) and Transition SST model
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Fig 4.6: Comparison of velocity and boundary layer of Transition SST model under

different turbulence intensities (higher turbulence intensity)
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Fig 4.7: Comparison of static pressure of Transition SST model under different

turbulence intensities (higher turbulence intensity)
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Figure 4.5 shows a comparison of DNS and RANS results when using the Transition
SST model. In Figure 4.5(a), the pressure coefficient fluctuates slightly except for the
middle position of the suction side, and there is almost no difference in other positions.
The skin friction coefficient shown in 4.5(b) is quite different. For the suction side, at
the leading edge position, the curve of RANS and DNS have a good coincidence, but
there is a big difference in the middle part. With the increasement of inlet turbulence
intensity, the skin friction coefficient gradually increases. When the turbulence intensity
is 5%, the curves of RANS and DNS have the best coincidence. At the trailing edge of
the blade, the coefficient values corresponding to different turbulence intensities are
basically same, but they are all smaller than the value of DNS. When compare the
turbulence intensity, along the flow direction, the turbulence intensity becomes smaller,
and when the turbulence intensity is 9%, the change curve of the RANS turbulence

intensity is the closest to the DNS.
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Table 4.2 shows that the total inlet pressure corresponding to different inlet conditions
is consistent with the total inlet pressure of DNS, and the static pressure at the inlet
position increases with the increasement of turbulence intensity, of which the minimum
is 99738Pa and the maximum is 99740Pa, the inlet static pressure corresponding to
DNS is 99736Pa, which is closest to the DNS result when the turbulence intensity at
the inlet position is 3%. Similarly, the total pressure of each outlet remains the same,
which is 100000Pa, and the outlet static pressure corresponding to RANS is also the
same, which is 99847Pa, is 2Pa smaller than the outlet static pressure corresponding to

DNS of 99849Pa.

Figure 4.6 depicts the velocity distribution and boundary layer distribution when using
the Transition SST model, and Figure 4.7 depicts the pressure distribution when using
the Transition SST model. Figure 4.8 depicts the turbulence intensity distribution using
the Transition SST model. Much like when using the k-omega model with transition

options, it's hard to tell the difference.

4.1.2 Compared with DNS with Tu equals to 4%

In order to compare RANS and DNS more comprehensively, this section will compare

the RANS results and DNS results with 4% turbulence intensity at the inlet.
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Fig 4.9: Comparison of turbulence intensity between DNS (Tu=4%) and k-omega

model with transition options

Turbulence 1Py Ip OPy Op

Intensity [%] [Pa] [Pa] [Pa] [Pa]
3 100010 99739 100000 99847
4 100010 99738 100000 99847
5 100010 99738 100000 99847
6 100010 99739 100000 99847
7 100010 99739 100000 99847

DNS Tu=4% 100010 99737 100000 99849

Table 4.3: Comparison of parameters under different inlet turbulence intensity between

DNS(Tu=4%) and k-omega model with transition options
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Fig 4.10: Comparison of velocity and boundary layer of k-omega model with transition

options under different turbulence intensities (lower turbulence intensity)

Pressure (Po) NN NN

(Gauge) -370 -290 -210 -130 -50

(d)

(a) Tu=3% (d)Tu=6%
(b) Tu=4% (e)Tu=7%
(c) Tu=5%

(e)

Fig 4.11: Comparison of static pressure of k-omega model with transition options under

different turbulence intensities (lower turbulence intensity)
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Fig 4.12: Comparison of turbulence intensity of k-omega model with transition options

(a) Tu=3% (d)Tu=6%
(b) Tu=4% (e)Tu=7%
(¢) Tu=5%

under different turbulence intensities (lower turbulence intensity)

Figure 4.9(a) shows that when the turbulence intensity at the DNS inlet is 4%, there is
an obvious bubble on the suction side, which means that a separation occurs at this
position. In contrast to the RANS data, as the turbulence intensity increases from 3%
to 7%, the bubble formed at this position become smaller and smaller. When the
turbulence intensity is 3%, the curves can overlap well, but when the turbulence
intensity increases to 7%, there is no obvious bubble. In the front position of the suction
side, the pressure coefficient is slightly different, but the overall trend remains the same.
In Figure 4.9(b), there is a big difference in the skin friction coefficient of the suction
side, especially in the middle position. When the skin friction coefficient drops to 0, the
DNS data has a large increasement and then slowly. For the RANS curve, the amplitude
of the increasement is much smaller than that of the DNS, and the position of the
increasement is a little earlier than that of the DNS. Although the trailing edge has a
similar downward trend, the overlap of the curves is small. Especially as the turbulence

intensity decreases, the coincidence of the curves gradually becomes smaller. Among
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them, the turbulence intensity is 3%, and the RANS curves of 4% and 5% fluctuate to
a certain extent, and the difference with DNS is further increased. For the pressure side,
the difference between DNS and RANS is mainly reflected in the front position in the
middle. Here, the curve of DNS has a relatively obvious downward trend, while for the
curve of RANS, it basically maintains a relatively level. When it develops to the middle
position, the curves tend to overlap, and as the turbulence intensity decreases, the
difference between RANS and DNS increases continuously. In Fig. 4.9(c), the
distribution of turbulence intensity along the flow direction is compared. There is a high
degree of similarity with the previous results. The turbulence intensity of DNS is
fluctuating and decreasing, while the turbulence intensity of RANS is decreasing
monotonically, and the RANS result with an inlet turbulence intensity of 7% is the most

similar to the DNS result.

Table 4.3 shows that the total inlet pressure and the total outlet pressure are consistent
under various working conditions. For the inlet static pressure, which of RANS is about
99738Pa or 99739Pa, is slightly larger than the inlet static pressure of DNS 99737Pa,
while the outlet static pressure of RANS is about 99847Pa, which is slightly lower than

the static pressure of DNS at 99849Pa.

Figure 4.10 compares the velocity contour at relatively low turbulence intensities,
which are consistent with higher turbulence intensities. Similarly, Figure 4.11 has the
same distribution law. It can be found in Figure 4.12 that when the turbulence intensity
is small, the turbulence intensity decreases very slowly, and the trailing edge has a
similar turbulence intensity distribution law, and not affected by the inlet turbulence

intensity.
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Fig 4.13: Comparison of turbulence intensity between DNS (Tu=4%) and Transition
SST model

Turbulence 1Py Ip OPy Op

Intensity [%] [Pa] [Pa] [Pa] [Pa]
3 100010 99738 100000 99847
4 100010 99738 100000 99847
5 100010 99739 100000 99847
6 100010 99739 100000 99847
7 100010 99739 100000 99847

DNS Tu=4% 100010 99737 100000 99849

Table 4.4: Comparison of parameters under different inlet turbulence intensity between

DNS(Tu=4%) and Transition SST model
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Fig 4.14: Comparison of velocity and boundary layer of Transition SST model under

different turbulence intensities (lower turbulence intensity)
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Fig 4.15: Comparison of static pressure of Transition SST model under different

turbulence intensities (lower turbulence intensity)
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Fig 4.16: Comparison of turbulence intensity of Transition SST model under different

turbulence intensities (lower turbulence intensity)

Figure 4.13(a) shows the comparison between the results of RANS and DNS when
using the Transition SST model. It is very obvious that RANS does not form bubbles
on the suction side, and the curve is relatively smooth, which is significantly different
from the DNS curve. The coincidence of the position curves is very well. Figure 4.13(b)
shows the difference in the skin friction coefficient. Similar to the above description,
there is a significant difference in the middle position of the suction side. The RANS
skin friction coefficient curve rises less than DNS, and the rising position is relatively
forward, resulting in poor coincidence of the curves. The difference of the pressure side
is much smaller. Although the overall trend is very similar, the absolute value of the
RANS skin friction coefficient is still slightly smaller than that of DNS in the relatively
forward position. The greater the turbulence intensity of the RANS, the greater the
difference. Figure 4.13(c) shows the distribution curve of the turbulence intensity. The
turbulence intensity of RANS decreases very rapidly. In the region with blades, the

RANS with a turbulence intensity of 7% has the most similar results with DNS.
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In Table 4.4, the data of the total inlet pressure and the total outlet pressure are
consistent. The inlet static pressure of RANS is 99738Pa or 99739Pa, which is slightly
larger than the DNS inlet static pressure of 99737Pa. The outlet static pressure of RANS

is 99847Pa, which is slightly smaller than that of DNS, which is 99849Pa.

Figure 4.14, Figure 4.15 and Figure 4.16 are all consistent with the distribution law

described above, and will not be introduced in detail.

4.1.3 Defining boundary conditions using UDF

A
Ublade

e

{f

|

Wake

Fig 4.17: Schematic of the computational domain and wake recycling procedure

In order to simulate the intake situation of the multi-stage compressor more accurately,
the blades are mirrored along the X-axis, and the pressure at the outlet is applied to the

inlet position to make it more in line with the actual working conditions.

[Pa]

Total Pressure

Fig 4.18: Inlet total pressure for steady case
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As shown in Figure 4.18, the pressure at the outlet is mirrored and applied at the inlet,
and the angle of the outlet is applied to the inlet in the same way. It is very obvious that
there is a very pronounced dip in pressure due to the effect of the wake, and there is a
following change in the angle of the outlet. Figure 4.19 shows the velocity angle of the

outlet, mirrored along the X axis and then applied to the inlet position.

A series of changes are required before the velocity angle of the outlet is applied to the
inlet. Because the velocity angle of the outlet is already far less than 42°, it is necessary

to subtract the average value of the velocity angle of the outlet and plus 42° before it



can act on the inlet position. Finally, set the X-component of flow direction to 1 in

Fluent, and use UDF to compile the data in the Y direction, as shown in Figure 4.20.
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Fig 4.21: Comparison of parameters before and after UDF compilation boundary

conditions

Figure 4.21 compares the changes of parameters before and after using UDF to compile
import conditions. Among them, the pressure coefficient, skin friction coefficient and
turbulence intensity did not change significantly before and after, but the total pressure
distribution and loss changed significantly. The change of the wake region will change

the distribution of the inlet and outlet pressures in a wide range.
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Fig 4.22: Velocity contours before and after UDF compilation of boundary conditions
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Fig 4.23: Pressure contours before and after UDF compilation of boundary conditions
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Fig 4.24: Turbulence intensity cloud map before and after UDF compilation of

boundary conditions

Figure 4.22 compares the pressure contours, since the pressure at the inlet is not uniform,
the distribution of the wake can be clearly observed at the inlet, which in turn affects
the downstream flow field. Figure 4.23 compares the pressure contours, the distribution
of static pressure is not disturbed by the distribution of the wake, which is very similar
to the pressure distribution before UDF compilation. 4.24 compared the change of
turbulence intensity. Due to the influence of the wake, the turbulence intensity in the
wake region will be significantly lower than that of other locations, and the influence

will gradually disappear when it is fully developed.

4.1.4 Conclusions

By comparing different turbulence models, it is found that for low-velocity compressor
blades, the k-omega model with transition options has the closest results to DNS,
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followed by the Transition SST model. But the two models did not show a particularly
noticeable difference in the simulated results. When using RANS for numerical
simulation, compared with DNS, it is necessary to increase the turbulence intensity at
the inlet to a certain extent, instead of using the same inlet conditions as DNS, in order
to obtain more accurate research results. In this paper, RANS uses a turbulence intensity
equal to 10% compared to the case where the turbulence intensity is 6%, and RANS
uses a turbulence intensity of 7% compared to the case with a turbulence intensity of
4%. The pressure coefficient obtained by RANS is basically the same as that of DNS,
but there is a significant difference in skin friction coefficient, especially in the middle
of the blade. For the distribution of turbulence intensity, due to the accuracy of the
calculation, the turbulence intensity obtained by RANS shows a continuous downward
trend, and the turbulence intensity decreases very rapidly at the inlet position, while
DNS can accurately obtain the fluctuation of turbulence intensity. Under the condition
that other conditions remain the same, only the turbulence intensity at the inlet is
changed, the total pressure at the inlet and outlet is consistent with the DNS, the inlet
static pressure is slightly larger than that of DNS, the outlet static pressure is slightly
smaller than that of DNS, and the pressure loss is quite different from that of DNS. In
the pressure and velocity contour, there is no significant difference in the distribution
of pressure and velocity under each working condition, and changing the turbulence

intensity at the inlet will not change the overall distribution.

When using UDF to define the inlet, the selection of the angle and position of the inlet
will greatly affect the distribution of each parameter, especially the distribution of
pressure. The difference is particularly evident in the velocity contour and the pressure
contour. The non-uniform inlet conditions defined by the UDF are not suitable for
simulating steady-state problems, and the distribution of positions has a very large

impact on the results.
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4.2 Unsteady case

4.2.1 URANS comparisons

In order to avoid the influence of the non-uniform boundary conditions defined by UDF
on the flow field, and to better simulate the actual working conditions, this part will use
URANS to simulate transient problems, capture different changes in each time, and

make the simulation results more reliable.

First, using the above inlet pressure distribution to move along the Y-axis at a velocity
of 16.1m/s, the inlet angle is kept at 42°, the turbulence intensity is 10%, and the
parameters are compared 5 times in a period to find out the variation law and improve

the simulation accuracy.

@=0  (b)=0.2T
(N=04T (d)=0.6T
(e)t=0.8T

Fig 4.25: Velocity contour with UDF compiles inlet pressure
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Fig 4.26: Comparison between RANS and average velocity contour with UDF

compiles inlet pressure
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Fig 4.27: Pressure contour with UDF compiles inlet pressure



Pressure (Po) NN

(Gauge) 370 -290 210 -130 -50

(b)

Fig 4.28: Comparison between RANS and average pressure contour with UDF

compiles inlet pressure

As shown in Figure 4.25, in one period, due to the existence of the wake of the upper
stage blade, there is an obvious low-velocity area at the inlet position, and the low-
velocity area continues to develop upward at the same velocity. At the suction side of
the blade, there is a local high-velocity area, and this area is constantly changing with
the movement of the wake. When the wake is near the leading edge of the blade, the
high-velocity area of the suction side expands in a large range. The overall velocity of
the pressure side is lower than that of the suction side, and with the flow, the velocity
decreases continuously throughout the flow channel. At the exit position, along the
direction of the trailing edge, there is a low-velocity region, and the position remains
relatively stable, at the same time, there is a strip-shaped low-velocity area at the exit
position, which moves regularly towards the exit position. Figure 4.26 compares the
velocity distribution obtained with RANS and the average velocity distribution
obtained with URANS. It is not difficult to see that the velocity distribution is consistent

on the whole, but the velocity obtained by URANS has a larger pressure gradient and
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the absolute value of the velocity is slightly larger than that obtained by RANS, and the
contrast is more obvious at the inlet position. In addition, the wake boundary obtained
by URANS at the exit position is clearer, and there is also a large velocity gradient

between the mainstream and the wake.

Figure 4.27 shows the distribution of static pressure at different times. At the inlet
position, due to the influence of the previous stage wake, there is a very small area
showing a smaller pressure. With the movement of the wake, the pressure at the inlet
position increases with changes occur. When the flow passes through the blade, the
static pressure distribution remains stable, and when it flows out of the blade, the
position of the trailing edge of the blade changes periodically due to the different
positions of the previous wake. Figure 4.28 compares the average pressure of RANS
and URANS. The pressure distribution is very similar, and there is basically no

difference in macro.
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Fig 4.29: Velocity contour with UDF compiles inlet pressure and angle
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Fig 4.30: Comparison between RANS and average velocity contour with UDF

compiles inlet pressure and angle
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Fig 4.31: Pressure contour with UDF compiles inlet pressure and angle
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Fig 4.32: Comparison between RANS and average pressure contour with UDF

compiles inlet pressure and angle

The boundary condition adds the intake angle, and also moves up along the Y-axis at a
velocity of 16.1m/s, which is like the transient simulation of multi-stage cascades.
Similarly, select 5 moments in each period for comparison and analyze their changing

trends.

Figure 4.29 compares the velocity at different times. Compared with the previous
example, it is found that the high-velocity area on the suction side is more stable, and
there is no large-scale fluctuation. Other trends are basically similar to the previous
example. Figure 4.30, Figure 4.31 and Figure 4.32 are basically same as the previous

example.
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Fig 4.33: Skin friction coefficient with pressure inlet (URANS)

Figure 4.33 shows the variation of the blade skin friction coefficient over one period at
the pressure inlet. The coefficient did not fluctuate significantly with the changing

position of the wake.

In order to select more accurate inlet conditions, equivalent velocity inlets are used. The
velocity is decomposed into the velocity in the X direction and the velocity in the Y
direction. The velocity is obtained by extracting the velocity distribution at the pressure

inlet, and after fitting, the velocity distribution shown below is obtained.
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Fig 4.34: X-Velocity for Velocity Inlet
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Fig 4.35: Y-Velocity for Velocity Inlet
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Fig 4.36: Skin friction coefficient with velocity inlet (URANS)
Plotting the skin friction coefficient at 5 times in a period, it is found that the fluctuation

of the coefficient is slightly larger than that of the pressure inlet, the other trends are

very similar.

50



0.015
0.01

0.005

-0.005

-0.01 [

.0.015 ‘ I I 1 1 I I I 1
0 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/C
ax

Fig 4.37: Skin friction coefficient for DNS

Figure 4.37 depicts the skin friction coefficient of DNS for 20 different phases in one
cycle. It is very intuitive to find that the skin friction coefficient changes drastically at
different time points, especially in the middle positions of the suction side and the
middle front position of the pressure side. By comparison, it is found that the change of
the skin friction coefficient of the velocity inlet is more same. In order to better capture
the influence of small changes on the loss, the velocity inlet is selected as the inlet

boundary of URANS.

In addition, the turbulence intensity of the DNS inlet is used in URANS to improve the
fidelity of the numerical simulation, but due to the limitation of commercial software,
UDF cannot be used to compile the turbulence intensity of the inlet, so the turbulence

intensity is converted into Turbulent kinetic energy so that it has the same effect.
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Fig 4.38: Comparison of specific dissipation rate using turbulence intensity inlet and

turbulent kinetic energy inlet

By comparing the specific dissipation rate of the whole domain, it is found that the
parameter distribution law and the numerical value are the same in the whole domain,
so when the equivalent turbulent kinetic energy is used to define the inlet condition, it

will not affect the results.
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Fig 4.39: Average turbulence intensity at the inlet and at the sampling plane of the
domain for the NACAG6S5 testcase [27]
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Figure 4.39 depicts the turbulence intensity at the inlet and outlet of the DNS. In the
wake region, the turbulence intensity reaches a maximum value of 10%, while in other
regions, the turbulence intensity remains roughly constant at about 3%. Compiled by
UDF, the turbulent flow intensity is equivalent to turbulent kinetic energy, which acts
on the inlet of URANS, and the fidelity of numerical simulation is improved by

comparing the changes of the skin friction coefficient in one cycle.

Fig 4.40: Skin friction coefficient comparison (Turbulence intensity is 10% in wake

region)

First, keep the turbulence intensity in the wake region at 10% in Figure 4.40, and change
the turbulence intensity in other regions from 3% to 9%. When the turbulence intensity
is small, the skin friction coefficient on the suction side changes greatly. With the
increasement of the turbulence intensity, the fluctuation of the skin friction coefficient
becomes small and tends to be stable. Especially when the turbulence intensity reaches

9%, the change of the skin friction coefficient of the suction side is the smallest.
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Fig 4.41: Skin friction coefficient comparison (Turbulence intensity is 5% except in

wake region)

Secondly, the turbulence intensity in the wake region was changed, while the turbulence
intensity in other regions was kept at 5%. With the increasement of turbulence intensity
in the wake region, the variation trend of the skin friction coefficient on the suction side
is more obvious, and on the pressure side, with the increasement of turbulence intensity,

the skin friction coefficient changes slightly, but it is not obvious enough.
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Fig 4.42: Skin friction coefficient comparison (Turbulence intensity is 3% except in

wake region)
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The third time is also to change the turbulence intensity in the wake area, but the
turbulence intensity in other areas is kept at 3%. The change trend is basically same as
that of the previous example, but due to the small turbulence intensity, the variation

range of the skin friction coefficient is not as large as that of the previous example.
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Fig 4.43: Boundary layer momentum thickness (URANS)
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Fig 4.44: Boundary layer displacement thickness (URANS)
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Fig 4.45: Boundary layer momentum thickness (DNS)
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Fig 4.46: Boundary layer displacement thickness (DNS)
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6"  Boundary layer displacement thickness 2.01 mm
Cpp  Base pressure coefficient 0.34
te Trailing edge thickness 1.23 mm
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W Throat width 55 mm

0 Boundary layer momentum thickness 0.63 mm

p Fluid density 1.1721994 kg/m3
Ve  Flow velocity just before the trailing edge 16.191002 m/s
P/ Inlet stagnation pressure 99998.86 Pa

P;  Outlet stagnation pressure 99996.58 Pa

& Pressure loss 1.88 %

Table 4.5: Pressure loss for URANS

6"  Boundary layer displacement thickness 1.01 mm
Cpp  Base pressure coefficient 0.35

te Trailing edge thickness 1.23 mm
w Throat width 55 mm
0 Boundary layer momentum thickness 0.62 mm
& Pressure loss 1.64 %

Table 4.6: Pressure loss for DNS

The definition of stagnation pressure loss is shown in Equation 4.3. It is worth noting
that adopting this method has nothing to do with the mixing process, because the mixing
process is unstable, the formation of the Karman vortex street and the viscous loss
caused by the vortex account for the majority of the losses. It is difficult to predict the

details of the process, and the overall outcome can be predicted using this method.

Use Matlab to draw the distribution curve of boundary layer displacement thickness
and boundary layer momentum thickness, take the extracted value at 95% of the Cax
position, and calculate the pressure loss values of URANS and DNS. After comparison,
it is found that after using URANS, the pressure loss is significantly smaller than that
obtained when using RANS, and the final result is about 1.88%, which is very close to
the pressure loss of DNS 1.64%.
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4.2.2 Conclusions

When URANS uses the pressure inlet and the velocity inlet, the pressure distribution,
velocity distribution and turbulence intensity distribution in the entire domain are very
similar, but in the comparison of the skin friction coefficient, the calculation example
using the velocity inlet can get closer to DNS. Therefore, when using URANS for
numerical simulation of low-velocity cascades, compared with the pressure inlet, the

velocity inlet can obtain results that are closer to DNS.

In order to make the results of URANS more accurate, it is necessary to change the
turbulence intensity of the inlet. When the turbulence intensity of the wake region or
the turbulence intensity of other regions increases, the variation range of the skin

friction coefficient can be larger to a certain extent.

However, when using URANS to calculate the pressure loss, compared with RANS,
the result is closer to the pressure loss of DNS. The final pressure loss of URANS is

1.88%, which is very close to the pressure loss of 1.64% of DNS.

4.3 Conclusions

When RANS is used to numerically simulate the low-velocity compressor cascade, and
the parameters are comprehensively compared, the k-omega model with transition
options is the most accurate turbulence model, followed by the Transition SST model.
For the pressure coefficient, the results of RANS are very similar to the results of DNS,
but the skin friction coefficient obtained by RANS is still quite different from that of
DNS. In order to make the results more accurate, it is necessary to appropriately
increase the turbulence intensity at the inlet of RANS by about 4%. The total pressure
at the inlet and outlet of RANS is the same as that of DNS. The inlet static pressure is
slightly larger than that of DNS, and the outlet static pressure is slightly lower than that

of DNS, but the pressure loss is much larger. When using UDF to compile the boundary

58



conditions, although it can be like the actual situation, due to the existence of the wake,

it will have a significant impact on the results.

For URANS, the pressure inlet and velocity inlet have small influence on the
distribution of pressure and velocity, but when the velocity inlet is adopted, the change
of the skin friction coefficient is more obvious, which is more same with the results of
DNS. Increasing the turbulence intensity at the inlet can make the skin friction
coefficient change more violently, which can make the result closer to DNS, but there
is still a big difference on the whole. Importantly, the pressure loss calculated with

URANS is closer to that of DNS, making the calculated results more accurate.
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5 Conclusions and Recommendations for

Future Work

The first chapter introduces the research background. Since the concept of low-carbon
environmental protection is deeply rooted in the hearts of the people and the
requirements for improving engine efficiency, the fidelity of numerical simulation
needs to be further improved. Since DNS and LES require high-performance computers,
this paper uses RANS and URANS. Numerical simulation of low-velocity cascade is
carried out, and the boundary conditions are changed in various ways to improve the

accuracy of numerical simulation.

The second chapter introduces the research status of related fields, including research
on turbulence models and turbomachinery. Numerical simulation has become an
indispensable research method in scientific research, and has played a vital role in
accelerating the progress of the project and saving the cost of experiments. Due to the
continuous improvement of computer performance, numerical simulation is also
experiencing rapid development, but how to improve the accuracy of numerical

simulation is one of the hotspots of research in various fields.

The third chapter introduces the commonly used turbulence models for numerical
simulation, drawing meshes, verifying mesh independence and model comparison. For
the numerical simulation of low-velocity cascades, the requirements for the number of
grids are relatively low, and the number of grids of 50,000 can already ensure the
accuracy of the numerical simulation. For turbulence models k-omega model with
transition options is the most accurate turbulence model, followed by the Transition

SST model.
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The fourth chapter compares the differences between RANS/URANS and DNS, and
improves the accuracy of numerical simulation in various ways. For steady-state
problems, an appropriate increasement in the turbulence intensity at the inlet can make
the results closer to DNS, and the skin friction coefficient and pressure loss are still
quite different from DNS, and further optimization is needed. When compiling the inlet
boundary conditions with the UDF, the wake region has a very significant effect on the
results. For transient problems, velocity inlets are more suitable as boundary conditions
for URANS. Increasing the turbulence intensity of the inlet can make the skin friction

coefficient have more obvious fluctuations, but the difference with DNS is still very

large. Luckily, the pressure loss calculated with URANS is closer to that of DNS,

making the calculated results more accurate.

For future research work, it can focus on the study of URANS, such as compiling the
turbulence intensity through UDF to find a better solution. At the same time, the
FLUENT parameter can be modified, and the changes of the parameter before and after

the modification can be compared, so that the result of URANS is closer to the DNS.
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