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Abstract: High-speed airflow in wind tunnel tests usually causes dramatic vibration of ejector structure, which may

lead to fatigue and even destruction of the wind tunnel. Therefore, analyzing and solving the flow-induced vibration

problem is a tough and indispensable part of the wind tunnel security design. In this paper, taking a kind of two-stage

ejector as the study object, multiple numerical simulation methods are adopted in order to carry out research on the

analysis technique of the flow -induced vibration characteristics of ejector structure. Firstly, the structural dynamics

characteristic is analyzed by using the ejector structural dynamics numerical model, which is built on the basis of finite

element method. Secondly, the complex flow phenomenon is explored applying numerical fluid-dynamics model of the

inner flow field of the ejector, which is constructed on the basis of finite volume method. Finally, based on the two

numerical models above, the vibration response of the ejector structure induced by the high-speed airflow is computed

via the fluid-solid coupling technique. The comparison of the simulation results with the actual vibration test indicates

that these numerical simulation methods can accurately figure out the rule of flow-induced vibration of ejectors.
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0 Introduction

The ejector uses the turbulent diffusion effect
of high-speed primary gas to take away the up-
stream gas to form a certain negative pressure envi-
ronment and complete the gas transportation, which

can be regarded as a fluid pump'"™*

. Compared with
other types of fluid pumps, the ejector is simpler in
structure, lower in cost and can replace fans or com-
pressors. As a driver or exhaust device for transonic
wind tunnels, the ejector effectively improves the ef-
ficiency of aerodynamic test "',

When the ejector is working, the high-pressure
primary gas would accelerate through a group of noz-
zles to supersonic state and enter the suction cham-
ber, bringing the low-pressure gas in the suction
chamber into the mixing chamber. After exchange

and turbulence of momentum, the two gases are de-
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celerated and supercharged through the diffuser sec-
tion and then discharged into air or the next stage.
The intense gas mixing inevitably produces complex
unsteady flow phenomena, including supersonic
shear, strong shock waves, air flow separation, and
pressure pulsation, which are bound to trigger struc-
tural vibration of the ejector and endanger the safety
of wind tunnel equipment. Therefore, the structure
vibration of ejector is a typical type of flow-induced
vibration problem.

In the middle of last century, Blevins™ firstly
proposed the concept of flow-induced vibration, and
summarized lots of flow-induced vibration phenome-
na in practical engineering. Later, some researchers
carried out many investigations on low -frequency
flow-induced vibration. For instance, Goyder"
studied the fluid vibration problem of heat exchang-

er pipes. Zdravkovich'”' and Sumner'® analyzed the

How to cite this article: NIE Xutao, LIU Zongzheng, QIN Chaojin, et al. Numerical Study on Flow-Induced Vibration of
Ejector Structure[ J]. Transactions of Nanjing University of Aeronautics and Astronautics, 2019,36(5):769-778.

http://dx.doi.org/10.16356/7.1005-1120.2019.05.008



770 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 36

vibration problem induced by the flow around cylin-
der. With the help of the computation technology,
researchers developed the fluid-solid coupling simu-
lation method to explore the structural vibration in-
duced by high-frequency and high-speed airflow'**".
By contrast with the traditional techniques, the flu-
id-solid coupling method can complete the data map-
ping between fluid domain and solid domain based
on the high precision interpolation algorithm, thus
accurately exerting the aerodynamic loads on the
structure mesh and obtaining high fidelity structural
vibration response'*'*'.

In this paper, several numerical simulation
methods are adopted to analyze the structural dy-
namic characteristics of the ejector and to simulate
the flow phenomena in the inner flow field. On this
basis, the vibration response of the ejector structure
under complex airflow load is calculated by means
of the fluid-solid coupling technique. Finally, the
flow-induced vibration test of the ejector structure is

performed to verify the accuracy of the numerical

simulation method.

1 Analysis of Structural Dynamics

Characteristics

The research object is a two-stage ejector, as
shown in Fig.1. The structure of each stage is identi-
cal, including the ejector nozzles, suction chamber,
mixing chamber and diffuser section. Each stage of
the ejector has six ejector nozzles arranged in an an-
nular direction, which are used to accelerate high-
pressure primary gas. In the suction chamber, a
large amount of original low -pressure gas is taken
away by the high - pressure gases, resulting in a
great pressure drop, and the upstream gas is contin-
uously filled, thus completing the gas transportation
and pressurization.

The intense mixing of wide range pressure air-
flow forms an unusually complex unsteady flow
field in the suction chamber, probably forcing the
ejector nozzles to oscillate dramatically. The practi-
cal experiences show that after many wind tunnel

tests, fatigue fracture occurs frequently on the noz-
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Fig.1 Composition of ejector structure

zle support plates and indispensable welding repair
needs to be carried out. This not only consumes
manpower and material resources, but also greatly
affects the test task progress. Consequently, in or-
der to improve the equipment service life, it is nec-
essary to focus on studying the flow-induced vibra-
tion characteristics of ejector structure and lay a cru-
cial foundation for the later structural optimization
or vibration suppression.

Firstly, finite element numerical simulation
technique is applied to analyze the structural dynam-
ics of the ejector suction chamber. In general, the
structural dynamics equation is given as follows

MX (1) +CX (1) + KX (1) =f (1)
where M is the mass matrix, C the damping ma-
trix, K the stiffness matrix, fthe external load vec-
tor, X (¢) the structural response vector, and ¢ the
time variable.

Neglecting the structural damping and using
the Fourier transform method, Eq. (1) is reestab-
lished in the frequency domain and then the structur-
al modal equation can be obtained.

MX (w) + KX (0) = 0 (2)
where w is the angular frequency. The equation so-
lution is composed of the natural frequency and the
corresponding modal shape.

Based on the above equation, the finite ele-
ment software ABAQUS is used for numerically
calculating the structural modes of the ejector suc-
tion chamber. The vibration results are shown in
Fig.2. Among them, the modal modes from the 1st
order to the 6th order are similar, which represent
lateral bend of the support plate with a frequency
range of 126.6 Hz to 127.3 Hz. Additionally, the
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modal modes from the 7th order to the 12th order
are similar, which appear to be radial bend of the

ejector nozzle tube with a frequency range of

371.1 Hz to 375.5 Hz.

IO4EHOS Freq = 12686 [(cycles/time)

(a) 1st order mode

i value = S.43798E+06 Freq = 371.14

(b) 7th order mode

Fig.2 Mode shapes of ejector suction chamber

(cycles/tme)

It can be seen that compared with the suction
chamber shell, the nozzles and their support plates
have lower structural stiffness, which are easier to

generate larger structural vibration by airflow load.

2 Numerical Simulations of Flow

Phenomena in Inner Flow Field

Simulating the flow phenomena in the flow
field and extracting the airflow loads are the essen-
tial precondition for calculating the vibration re-
sponse of the injector structure. Here the following
issues should be taken account of:

(1) The supersonic flow with high inverse
pressure gradient inevitably yields the strong shock
wave structure, and the numerical format used to
capture strong shock wave generally has a large nu-
merical viscosity. Thus, in order to reduce the influ-
ence of numerical viscosity, the numerical format

applied in the flow simulation should have the self-

regulating ability of numerical viscosity.

(2) Supersonic flow has significant compress-
ible and turbulent effects, and also has some back-
flows appearing in local areas. Therefore, a suitable
turbulence model should be selected to accurately
simulate the mutual interference of turbulent mixing
layer, turbulence/shock layer and mixing layer.

(3) Two mixed airflows have different speeds,
temperatures and densities. Moreover, the shock
wave structure is small in scale and has strong vis-
cous interference. Hence, it is imperative to build
large-scale computing grid and employ high-efficient
parallel processing technology.

(4) During the calculation process, the wave
structures in the inner flow field are constantly vary-
ing. Meanwhile, compression waves or expansion
waves would reflect at the boundary. As a result,
the iterative convergence of the flow field may be
quite slow. Therefore, for improving the simulation
efficiency, it is necessary to choose the efficient
method and set the reasonable boundary condition.

The control equations for the inner flow field of
the ejector include:

Quality conservation equation

Momentum conservation equation

ad ad d at,;
a(pu,-) + TI/(pu l-u]-) = _Tﬁ, + axj, 4)

S O TR L
le T [ﬂ( axj + al‘l):| 3 /j axl é\lj (5)

Energy conservation equation

d d d aT

(e, ©)

Turbulence equation
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Equation of state
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where p 1s the density, ¢ the time, x the displace-

9)

ment vector, u« the velocity vector, p the pressure,
u the viscosity coefficient, z; the stress tensor, E
the energy, k. the effective thermal conductivity, T
the temperature, % the turbulent pulsating kinetic en-
ergy and e the dissipation rate.

The computational fluid dynamics software
FLUENT, which is developed on the basis of finite
volume theory, is adopted to solve the control equa-
tions above. Furthermore, the implicit solver built
on density base and £-¢ RNG turbulence model are
selected.

The fluid grid model, which directly deter-
mines the computational efficiency and simulation
accuracy, is regarded as an important basis for flow
field simulation. Here, the grid model of the inner
flow field of the ejector is constructed by using three
methods,
(NHG) , consistent hybrid grid (CHG) and Cut-

cell. The independence verification of these fluid

including non-consistent hybrid grid

grids is implemented and Table 1 lists the compari-

son results.

Table 1 Independence verification of fluid grid

Grid A B C D E
Grid
NHG NHG CHG Cutcell Cutcell
type
Number/
2.78 16.38  3.16 8.91 11.74
10°
Outlet flow
quantity/  9.313  9.473  9.739  9.549 9.567
(kges™)
Stability Bad Normal Bad Good Good
Iterative
5000 3000 4000 1400 1000
step

In the NHG model, the nozzles and their plates
are meshed with unstructured grids, while the other
areas are modeled with structural grids. The nodes
at the interface between these two types of grid are
not one-to-one matched. Whereas, in the CHG
model, the nodes on the grid interface are one-to-

one. As for the Cutcell grid model, both the main

area and the boundary layer area are built with Car-
tesian grids and some prismatic grids are created for
transition at the grid interface'"”".

As known from Table 1, the Cutcell grid mod-
el has significant advantages in comparison to the hy-
brid grid model, such as computational stability,
precision, and convergence speed. Thus, the grid

model E shown in Fig.3 is selected to simulate and

explore the flow field in the ejector.

(a) Global mesh

(b) Local mesh
Fig.3 Fluid grid of ejector inner fluid field

After that, the boundary conditions of the flow
field are set according to the actual operating param-
eters, in which the total pressure is 0.9 MPa at the
1st stage ejector inlet, 1 MPa at the 2nd stage ejec-
tor inlet, and 101.5 kPa at the ejector inlet. Be-
sides, the static pressure at the ejector outlet is set
at 101.5 kPa.

Finally, the FLUENT solver is started to cal-
culate the transient flow characteristics of the flow
field. Some results are shown in Figs.4—6.

Fig.4 shows the distribution of static pressure
in the flow field, which indicates that a large quanti-
ty of gas in the main area is taken away under the ac-
tion of high-pressure airflow, resulting in a signifi-
cant pressure drop. For instance, the pressure is as
low as about 0.7 kPa in the area near the venture
nozzles, and also is reduced to about 10 kPa and
30 kPa separately in the upper area of the 1st stage
ejector nozzles and the 2nd ejector nozzles.

Fig. 5 shows the global and local contours of
the Mach number distribution of the flow field. It
can be clearly seen that the primary airflow of the
1st stage and 2nd stage ejector is accelerated to su-

personic speed through the ejector nozzles, and the
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Fig.4 Static pressure contour of ejector inner fluid field

Mach number is about 4.2 and 3.5, respectively. In
addition, the shock wave structures appear in the ex-

it area of the ejector nozzles obviously.

8.
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(b) Local contour

Fig.5 Mach number contour of ejector inner fluid field

The vortex distribution in the flow field near
the ejector nozzles, as shown in Fig. 6, illustrates
that the vortex oscillations occur distinctly in this ar-
ea.

The above simulation results suggest that after
a series of processes such as ultrasonic acceleration,
turbulent mixing, and pressurization discharge, the
complex unsteady flow field, in which strong shock
waves and vortex oscillations emerge simultaneous-
ly, has been established inside the ejector. This
would cause the pressure fluctuation in the flow
field.

The frequency spectrum curve of the lift coeffi-
cient near the nozzle support plates is worked out by
Fast Fourier Transform, as shown in Fig.7. It can
be concluded that the pulsating pressure of the air-
flow is a type of broadband load, with a maximum
peak near 40 Hz and a second peak near 140 Hz.
Moreover, the pulsating pressure amplitude fluctu-
ates slightly and changes little after 200 Hz.

(b) 2nd stage
Fig.6 Eddy contour of ejector inner fluid field
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Fig.7 Frequency spectrum curve of lift coefficient in ejector

3 Flow-Induced Vibration Simula-

tion

The flow-induced vibration problem of the ejec-
tor belongs to fluid-solid coupling problem. General-
ly, fluid-solid coupling is either one-way coupling or
two-way coupling. When the structure deformation
induced by the fluid pulsation is too little to have a
significant impact on the flow field, it can be regard-
ed as one-way coupling. Otherwise, it should be tak-
en as two-way coupling. The structural dynamics re-
sults narrated in Section 1 suggest that the structural
stiffness of the ejector is relatively high. Consequent-

ly, the ejector structure would not produce large de-
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formation and not affect the flow field to a great ex-
tent. Thus, the one-way coupling technique is em-
ployed properly for analyzing the flow-induced vibra-
tion of the ejector.

The numerical simulation of fluid-solid cou-
pling not only involves the structural dynamics simu-
lation and the fluid dynamics simulation, but also
needs to realize the data exchange between the fluid
domain and the solid domain. Fig. 8 describes the
general simulation flow of the one-way fluid-solid

coupling.

Geometry model

CFD model

CSD model

CSD results
Vibration response
analysis

Solid domain

CFD results

Fluid loads
extraction

Interpolation
&
mapping

Fluid domain

Fig.8 Simulation procedure of one-way coupling problem

Firstly, according to the geometric model of
the research object, the computational fluid dynam-
ics (CFD) model and the computational structural
dynamics (CSD) model are established respectively.

Secondly, the fluid dynamics calculation is
launched based on the CFD model and the pressure
information of each node on the domain interface is
extracted from the results.

Thirdly, with the interpolation algorithm the
pressure information of each fluid node is mapped to
the corresponding structure node as its pressure load.

Finally, based on the CSD model structural dy-
namics calculation is carried out to get the vibration
response of the structure.

Following the simulation flow above, the
MpCCI software is applied on the high-performance
computer cluster to effectively complete the fluid-
solid coupling simulation of the ejector, combining
with the CFD model and the CSD model estab-
lished in the previous sections. Some simulation re-
sults are shown in Figs.9—11.

Fig.9 presents the pressure distribution in the

coupling region of the fluid domain and the solid do-
main at the same time, which demonstrates that the
pressure distribution in these two domains is so con-
sistent that the error is less than 1%. Thus, the in-
terpolation algorithm adopted in this work is precise
enough to accurately map the aerodynamic load to

the structure grid.
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(b) Solid domain

Fig.9 Pressure contour of fluid-solid coupling field

The transient structural response contours of
the ejector are shown in Fig. 10, including equiva-
lent stress and acceleration. It can be seen that the
maximum equivalent stress is about 39 MPa, which
appears at the conjunction area between the support
board and the chamber wall. On the other hand, the
maximum acceleration is about 33 m/s”, which oc-
curs in the middle of the ejector nozzle.

The acceleration response of monitoring points
arranged on the support plates is extracted from the
simulation results, and then is processed by fast
Fourier transform to obtain its acceleration spectrum
curve, as shown in Fig. 11. Tt can be found that
there are three distinct peaks in the spectrum curve,

0.065g,

0.122g, corresponding to frequencies of approxi-

which are respectively about 0.011g,
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4 Structural Vibration Test

According to the 3D structure model shown in
Fig. 1, a set of ejector structure system including
pipelines is actually developed, as shown in Fig.12
(a). Additionally, A variety of sensors, as shown
in Fig.12(b) , are deployed to construct an ejector
vibration test platform for monitoring the variation
of flow field parameters and measuring the vibration
response of the ejector structure. Moreover, the test
results can be used to verify the accuracy of the sim-
ulation method. Some monitoring points are ar-

ranged on the support plates, as shown in Fig.12(c).

-
Primary gas
pipeline §

|~ v

support . section m J .
(a) Ejector structure

L —
Pressure pulsation
sensor

Static pressure
measurement tube

(b) Sensors

Suction L Accelerometer |

chamber i i
. W Fu’ \

Fig.12 Vibration test platform of ejector structure

The selected sensors mainly include:

(1) Static pressure measurement tubes, which
are arranged along the main pipeline of the ejector,
as shown in Fig.12(b) , for real-time static pressure
measurement in the mainstream area.

(2) Pressure pulsation sensors, which are ar-
ranged along the main pipeline of the ejector, as
shown in Fig.12(b) , for real-time pressure pulsa-
tion measurement in the inner flow field.

(3) Vibration accelerometers are, which ar-
ranged on the main pipe of the ejector as well as the
support plates of the nozzle, as shown in Fig. 12
(¢), for real-time recording of the vibration acceler-
ation.

The two-stage ejector system is started and op-
erated by controlling the valves set on the ejector
pipelines. In the meantime, the structural vibration
tests are carried out and some results are obtained
and plotted in Figs.13—15.

The test data and simulation results, as shown
in Fig. 13, illustrate the static pressure distribution

along the main pipeline of the ejector. It can be dis-
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covered that the static pressure escalates from the in-
let to the outlet except in the front section of the 2nd
mixing chamber, where the static pressure drops
slightly. And besides, the simulation results are rela-

tively large.

120

—— Test data
- = - Simulation results

100

80

60

Pressure / kPa

40

20

Monitoring point

Fig.13 Static pressure distribution of ejector fluid field

The test results of the flow field pressure pulsa-
tion are processed and shown in Fig.14. It is obvi-
ous that there are two peaks in the spectrum curve,
which are respectively about 0.9 kPa and 0.37 kPa,
corresponding to frequencies of about 30 Hz and

120 Hz.

—
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(=]

Pulsating pressure / Pa

0 50 160 150 200 250 300
Frequency / Hz

Fig.14 Test results of ejector pulse pressure

By comparison with the results in Fig.7, it can
draw the conclusion that the test data and the simula-
tion results have a good consistency in most as-
pects, such as peak distribution, corresponding fre-
quency and amplitude variation. Obviously, the nu-
merical simulation technique adopted in this work
has a high feasibility, which can efficiently analyze
the flow field characteristics of the ejector and accu-
rately reflect the complex variation of the aerody-
namics load.

The test results of the vibration acceleration of
the nozzle support board are processed and de-

scribed in Fig.15. It can be seen that the peak value

is about 0.096g, appearing near 125 Hz, and the
sub - peak value is about 0.043g, corresponding to
frequency of about 80 Hz. In addition, the accelera-
tion value is about 0.032g while the frequency is
about 30 Hz. Comparing the test data with the simu-
lation results, the maximum error is calculated,
which is about 27 % .
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Fig.15 Acceleration test results of support plate

Through summarizing the analysis results of
the numerical simulation and the vibration tests, it
can be found that the pulsating pressure reaches the
largest value at the frequency of about 30 Hz and the
corresponding  vibration acceleration is about
0.032g. On the other hand, the pulsating pressure is
the second largest at the frequency of about 120 Hz,
but the vibration acceleration is the largest, about
0.1g. The main reason is because the aero load fre-
quency is very close to the modal frequency of the
suction chamber structure. That is, the vibration of
the support plates is the modal vibration of the struc-

ture induced by the pulsating load of the airflow.

5 Conclusions

Based on the methods of computational struc-
tural dynamics, computational fluid dynamics and
fluid-solid coupling algorithm, several simulation
techniques are employed to accomplish the structur-
al dynamics analysis of a two-stage ejector, the flow
simulation of inner flow field, and the calculation of
structural vibration response under airflow excita-
tion. Meanwhile, ejector vibration tests are per-
formed and studied to verify the simulation results.
According to the research achievements, some con-

clusions can be drawn as follows:
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(1) The CFD model established in this work is
accurate and efficient, which can comprehensively
describe the complex unsteady flow phenomena in
the inner flow field of the ejector, such as shock
waves and eddy currents, and also can figure out the
pulsating pressure of the airflow that is well consis-
tent with the test data. Consequently, the external
loading environment of the ejector structure is clari-
fied through these studies.

(2) The precise mapping of pressure load from
fluid domain to structural domain is realized in the
fluid-solid coupling model. As a result, the frequen-
cy spectrum of vibration acceleration response ob-
tained through the coupling simulation well matches
the test data, which can reveal the flow-induced vi-
bration characteristics of the ejector structure.

(3) Both numerical simulations and vibration
tests demonstrate that larger structural vibration will
happen as long as the frequency of the pulsating air-
flow is close to the modal frequency of the structure.
In order to avoid this case, it is necessary to opti-
mize the structure mode of the ejector when design-
ing.

In summary, the numerical simulation methods
adopted in this paper can be used to explore the in-
ternal mechanism and external characteristics of the
flow-induced vibration of the ejector. Moreover, the
corresponding simulation results can be provided as
a significant reference for the structure optimization
and vibration control of the ejector. Thus, these
simulation methods will be tenable in engineering

application.
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