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Given the frequent airflow excitation phenomenon caused by the rapid decompression of the altitude chamber, the mathematical
model of the nonlinear system of the rapid decompression of the altitude chamber is established. The polynomial parameter
method is used to evaluate the characteristics of airflow oscillation, and a rapid decompression test system is built. The test
results verify the pressure oscillation phenomenon of the numerical simulation. This paper proves the phenomenon of fluid-
induced vibration in the process of rapid decompression and determines that the main factors affecting the induced oscillation
are the diameter of the pipe (throat), pressure difference between the two chambers, and initial pressure conditions.
Specifically, this study establishes safety and reliability for preventing engineering accidents caused by resonance in the altitude
chamber.

1. Introduction

An altitude chamber is an experimental chamber that can
simulate high-altitude and low-pressure environments. Its
main purpose is to meet the needs of aviation equipment
experimental identification, aviation medical research, and
special physical training. Rapid depressurization refers to
the process of artificial simulation of sudden failure or dam-
age of high-altitude aircraft. The high-pressure gas in the
chamber is rapidly discharged outward, resulting in a sharp
decrease in the pressure in the aircraft. It is used to simulate
instantaneous self-pressurization of the chamber to the thin
atmospheric environment and the thin to the dense atmo-
spheric environment during the landing process. The decom-
pression process is a simulation type of a high-altitude
environment. It is used for flight attendants, astronauts, and
high-altitude operators to conduct high-altitude endurance
inspections, hypoxia endurance inspections, high-altitude
physiological training, high-altitude blasting training, and
experimental identification of specific functional equipment
in the composite environment chamber group [1–3]. Mean-

while, Lu et al. [4] made a reasonable analysis of the rapid
decompression time in the research of the rapid decompres-
sion system of the altitude chamber; they used fluent to simu-
late and analyze the airflow balance process and dynamic
simulation of the rapid decompression system, deduced the
airflow balance equation, and proposed that the rapid decom-
pression time of the altitude chamber is related to such factors
as pipeline conductivity, initial pressure, pressure difference,
and volume of altitude and vacuum chambers.

Rapid decompression of the line is an extremely danger-
ous process [5]. In the rapid decompression process, an iner-
tial force appears when gas molecules flow through the
pipeline under pressure balance. The fluid’s initial state is
the turbulent state. With the reduction of the pressure differ-
ence, the inertial force will gradually become weak. At this
time, the friction force plays a major role in the internal
gas, and the gas flow will also become a viscous flow state
[6]. However, the precision of the friction for the transient
unstable complicated fluid flow is poor, with high calcula-
tion quantity. Recently, Urbanowicz revised the unstable
recurrence formula of unsteady wall shear stress in transient
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flow in a study of the friction force of the liquid transient
flow in tubes. He verified the accuracy of the effective
weighting function obtained in the wall shear stress model,
improved the transient flow calculation model using an
effective weighting function, and expressed the best weight-
ing function by using the fewest exponential terms. He also
improved the numerical calculation speed and accuracy
[7]. Pressure oscillations will occur during a quick decom-
pression process, causing resonance in the pipe. The flow
velocity will change with unstable fluid flow. Different pipe
diameters, cross-sectional areas, and flow velocities will
cause varying degrees of damage to transmission pipelines
in the field of fluid pipeline transportation engineering [8],
resulting in considerable economic losses [9]. The phenom-
enon of fluid pipeline resonance has become an important
research object in the engineering field [10–12].

In fluid and engineering applications, fluid oscillation is
always a major issue involving safety. In the case of consum-
ing huge financial and material resources, we can only estab-
lish the database of some tests, so as to obtain the technical
data of some tests. The parametric polynomial approach is
essential in the field of complicated flow, particularly in fluid
machinery [13], blade vibration of aerospace turbomachin-
ery [14], maritime transportation engineering [15, 16], and
other vital engineering applications. Through analysis of
the chamber model, the numerical analysis method of the
fluid distribution that is suitable for the rapid decompression
of the altitude chamber is determined. Further, the velocity
and pressure distributions in the pipeline under different
conditions are determined.

Researchers investigating incompressible fluid vibration
have created deterministic control equations and mathemat-
ical models for the analysis of the vibration of fluid transmis-
sion pipelines, aiding in the growth of the field [17–20]. For
example, Bourrieres determined the control differential
equation of fluid vibration in the analysis of a liquid trans-
mission pipeline through a combination of experiments
and theory [21]. Bhatti et al. considered transverse magnetic
and axial electric fields and used the improved Darcy–Brink-
man–Forchheimer model to establish mathematical models
of laminar flow. They fully developed the viscoelastic natural
convection electromagnetic hydrodynamics flow in micro-
channel systems containing air, thereby promoting the
development of non-Newtonian heat treatment [22].

A study on free vibration of cylindrical shells with com-
pressible fluid flow has been widely conducted [23–27].
Fluid vibration caused by the rapid decompression mainly
occurs at the connecting pipe (throat) of two chambers.
With the rapid movement of the airflow, the pressure differ-
ence becomes smaller, and the airflow state changes, forming
a complex and variable nonlinear system. In recent years, in
a study of fluid nonlinear systems, Skrickij et al. [28] used
several physical models to investigate the influence of cavita-
tion on the performance of a single-tube shock absorber.
When the shock absorber is running at high speeds, the cav-
itation effect occurs. The damping force when the cavitation
effect occurs is determined by the inner diameter of the
absorber and starting pressure. The fluid will vibrate if the
flow medium route shrinks. However, long-term vibration

will impair the shock absorber’s performance. Massoudi
and Vaidya [29] investigated the unsteady motion of non-
uniform incompressible viscous fluid with viscosity varying
with space. They obtained the flow results between two par-
allel plates (one of which has an oscillation phenomenon).
This result establishes the exact solution of a large class of
unsteady nonlinear problems, which will obtain the exact
solution in stable systems. However, no exact solutions exist
for many nonlinear systems. For example, the rapid decom-
pression system of a low-pressure chamber, which is the
object of this paper, will oscillate; thus, this exact solution
does not exist.

Literature [30] highlighted that the oscillating motion of
the fluid is caused by the inner wall of the edge; that is, one
side of the edge applies oscillating shear to the fluid, and the
other side oscillates in its plane. Unlike the conventional
nonslip boundary condition, this paper uses the second con-
dition on shear stress to solve the oscillating motion of
second-order fluid under mixed boundary conditions. The
solution is expressed in the form of simple and multiple inte-
grations under certain initial conditions to examine the
effect of different Reynolds numbers (Re) on the fluid veloc-
ity. The rapid decompression system of the low-pressure
chamber blasted under absolute seal is like a closed cylindri-
cal pipe. Kondratov et al. [31] carried out oscillation analysis
for a circular-section cylindrical elastic pipe, described it
with the Kirchhoff–Love hypothesis, and deduced and
solved it under the corresponding boundary conditions of
the pressure harmonic change at the inlet and outlet of the
pipe. They obtained the amplitude, phase frequency charac-
teristics, and resonance frequency of the shell with high
accuracy. However, this research method is applicable to
the analysis of laminar flow with constant cross-sections.
Some limitations and inaccuracies appear in the solution of
an oscillating flow field with variable cross-sections.

Shivamoggi [32] highlighted that a dynamic impulse
would be generated in the flow of compressible fluid. Kondra-
tov et al. [31] deduced the expression of the hydrodynamic
impulse in compressible fluid, established an appropriate
impulse formula for the Euler equation, and determined the
significance of applying this formula to compressible vortex
rings. However, the actual application of the Benjamin varia-
tional characteristics of the moving axisymmetric vortex sys-
tem has certain limitations. Through comparison, the stability
of this structure appears questionable, and matching the theo-
retical results with the actual fluid flow seems challenging.

The fluid motion mode in the fast decompression system
of the high-altitude chamber is the unsteady transient flow,
and the vibration induced by the unsteady flow of the fluid
is quite prevalent in many fields. Urbanowicz et al. [14]
investigated the unsteady transient flow in a plastic pipe
and used a simplified delayed strain solution to simulate the
viscoelastic effect of the pipe wall during the transient flow
process. The material properties and resonance frequency of
the pipe will influence the transient pipe flow oscillation. Fur-
thermore, [33] suggested a parametric polynomial approach
for numerical analysis of the fluid-generated vibration of
power equipment to examine complicated nonlinear systems.
The researchers developed a set of numerical algorithms for
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analyzing and solving the oscillating flow field. The altitude
chamber, which is the focus of this study, is quite comparable
with the parametric polynomial approach of the numerical
analysis. Particularly, the parametric polynomial approach is
employed in this study to investigate the fluid oscillation gen-
erated by fast decompression blasting.

In this study, polynomial parameters are used to simu-
late the rapid decompression of the altitude chamber, and
the oscillation flow field is generated during the blasting pro-
cess. The numerical analysis method is used to establish the
pressure and velocity distribution equation of the oscillation
flow field in the chamber under the condition of small
incoming flow of the rapid decompression system. The
decompression system can more accurately express the
oscillation characteristics of the rapid decompression of the
altitude chamber and has a certain role in preventing engi-
neering accidents and reasonably using the altitude chamber
for experiments.

2. Physical Model

The rapid decompression system of the altitude chamber
comprises a blasting chamber, a negative pressure source
(negative pressure gas storage chamber), a pipeline, and an
explosion rapid decompression mechanism. The quick valve
device is opened using the pressure difference between the
laboratory and vacuum chamber and the lever principle,
and the blasting decompression time is 100–250ms [4]. To
meet the technical conditions and save costs, the chamber
capacity ratio of the blasting and negative pressure chambers
should be greater than 1 : 50 [34].

Figure 1 shows a plan view of the rapid decompression
system of the altitude chamber. The vacuum system is
mainly a negative pressure source for extracting vacuum. A
single vacuum pump cannot achieve 100–300ms of rapid
vacuum pumping for the explosion chamber. Therefore,
the vacuum system is used to store the vacuum of the vac-
uum chamber and connect it to the altitude chamber to
achieve rapid vacuum pumping [35].

Figure 2 depicts the effective simplified model of the rapid
decompression system and rapid decompression mechanism.
Figure 2(a) includes two chambers; Figure 2(a), 1 is the nega-
tive pressure source (negative pressure storage room);
Figure 2(a), 2 is the quick decompression mechanism
(Figures 2(b)–2(d)); Figure 2(a), 3 is the throat pipe; and
Figure 2(a), 4 is the altitude chamber. The cylinder powers
the quick mechanism, and the pressure difference between
the two compartments is used to achieve the rapid decompres-
sion. The throat tube is directly connected to the negative
pressure chamber, and the rapid decompression mechanism
controls the connection condition between the two chambers.

The quick pressure-reducing mechanism is located at the
end face of the connecting pipe, which is opened and closed
by the air cylinder. The advantage of this technique is that an
open door is always in the shape of a bell mouth, with a large
flow area, low resistance to airflow, and an increased gas flow
rate. When the door is opened 14°, there is enough gas flow
area. However, without fully opening, the air pressure can be
quickly balanced. Particularly, the combined effect of the

door’s weight, the pressure difference between the decom-
pression and negative pressure chambers, and the cylinder’s
thrust can be used to increase the valve’s opening time,
allowing it to open quickly and thus shortening the balan-
cing time.

The quick decompression mechanism works by filling
the air tank with 0.8–1.2MPa air prior to the rapid decom-
pression. When the rapid decompression is performed, the
solenoid valve behind the air tank immediately opens. The
high-pressure gas enters the cylinder through the high-
pressure hose, and hence, the cylinder accelerates rapidly.
The push plate at the front of the cylinder pushes the lock,
causing the blasting mechanism’s hatch to open quickly
and achieve the rapid balance of the air pressure height on
both sides of the hatch.

The following is the working principle of the rapid
decompression system of the altitude chamber: before
decompression, the quick valve mechanism is closed; the
vacuum pump pumps the negative pressure chamber to
low pressure with a very low absolute pressure and the blast-
ing chamber to low pressure with a relatively high absolute
pressure. On the premise of a relative pressure difference,
when quick valve 2 will quickly open, the gas pressure will
immediately flow from the higher blasting chamber to the
lower negative pressure chamber, and the pressure difference
between the two chambers will rapidly decrease. The pres-
sure of the two chambers finally reaches equilibrium, and
the decompression time can reach 100ms.

3. Mathematical Model

Fluid-induced excitation is always a major problem in fluid-
related engineering. In the fluid flow process, complex flow
fields are often formed, and complex flow fields are difficult
to theoretically study [15, 16, 36]. When examining the fluid
excitation problem in power machinery, researchers have
established a set of numerical methods for analyzing and
solving the oscillating flow field (the parametric polynomial
method). For the fluid oscillation generated by the rapid
decompression system in the middle and altitude chambers,
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Figure 1: Rapid decompression system of the altitude chamber.
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this method is applied to this project for the first time, and
the numerical solution of the flow field is obtained through
theoretical analysis.

Zuoyi et al. [13] suggested that any oscillatory flow is
essentially a nonconstant flow; nonconstant flow parameters
q (velocity, pressure, and density) are a function of spatial
and temporal coordinates. Further, under microamplitude
oscillation conditions, any nonconstant flow parameter qðx,
y, z, tÞ can be regarded as a linear superposition of the con-
stant quantity ~qðx, y, z, tÞ and the oscillatory quantity q̂ðx, y,
z, tÞ under microamplitude oscillation conditions. That is,

q x, y, z, tð Þ = ~q x, y, z, tð Þ + q̂ x, y, z, tð Þ: ð1Þ

Therefore, the oscillating flow field under the conditions of
microamplitude simple harmonic oscillations is required as

the basic starting point in the study of the oscillatory fluid
dynamics.

3.1. Analysis of the Oscillating Flow Field in the Tube. The
flow form examined in this study is the variable section pipe
flow (Figure 3).

Pipe portion A is a fixed-section pipe; part A − B is an
enlarged pipe, and the entire part A − C is a decreased pipe.
The flow field according to oscillatory hydrodynamics is a
compressible viscous constant flow field. Assuming that the
pipe diameter is R, the R change rule with axial Z may be
written as follows:

R zð Þ = ΔR + Δk
2 1 + cos πz

z0

� �
: ð2Þ

1
2

3

4

(a)

Air storage tank

Cylinder

Chamber door

Cushion rubber

(b)

(c) (d)

Figure 2: Quick decompression mechanism.

4 International Journal of Aerospace Engineering



For the rapid decompression process, the following
physical characteristics are considered according to the
actual fluid flow:

(1) Flow axis symmetry

(2) Flow without tangential velocity

(3) No pressure change along the r direction

(4) Neglecting the second-order partial derivatives along
the mainstream direction

(5) Two-dimensional viscous constant flow

Considering physical characteristics (1)-(5), the basic
equations of the constant flow in the cylindrical coordinate
system are as follows:

Continuous equations:

∂ ρrVrð Þ
∂r

+ ∂ ρVzð Þ
∂z

= 0: ð3Þ

N-S equation:

Vr
∂Vz

∂r
+Vz

∂Vz

∂z
= −

1
ρ

∂P
∂z

+ υ
∂2Vz

∂r2
+ 1
r
∂Vz

∂r
+ ∂2Vz

∂z2

 !
,

V
∂Vr

∂r
+Vz

∂Vr

∂z
= −

1
ρ

∂P
∂r

+ υ
∂2Vr

∂r2
+ 1
r
∂Vr

∂r
+ ∂2Vr

∂z2
−
Vr

r2

 !
:

8>>>>><>>>>>:
ð4Þ

Basic Equations (3)–(4) are used as the fundamental
equations to solve the oscillatory flow field. The following
are the main solution objectives:

(1) Constant polynomial parametric model for the
micro incoming flow of the steady flow field

(2) Constant polynomial parametric model for micro
incoming flow of the oscillatory flow field

3.1.1. Stable Flow Field for Tiny Incoming Flow. The new
control equations can be obtained from the control equa-
tions in the cylindrical coordinate system and the con-
straints in Section 3.1.

Continuous equations:

∂~Vz
∂z

+ ∂~Vr
∂r

+
~Vr
r

= 0: ð5Þ

N-S equation:

~Vr
∂~Vz
∂r

+ ~Vx
∂~Vz
∂z

= −
1
ρ

∂êP
∂z

+ υ
∂2 ~Vz
∂r2

+ 1
r
∂~Vz
∂r

+ ∂2 ~Vz
∂z2

 !
,

~Vr
∂~Vr
∂r

+ ~Vz
∂~Vr
∂z

= −
1
ρ

∂êP
∂r

+ υ
∂2 ~Vr
∂r2

+ 1
r
∂~Vr
∂r

+ ∂2 ~Vr
∂z2

−
~Vr
r2

 !
:

8>>>>><>>>>>:
ð6Þ

The pressure in Equation (6) is represented by P̂. To dis-
tinguish the following dimensionless quantities, ~Vz and ~Vr
are axial and radial flow rates, respectively, and υ is the fluid
kinematic viscosity coefficient. However, in practical consid-
erations, the internal fluid is dominated by the axial flow
rate, and its radial flow rate is negligible. Therefore, Equation
(6) can be expressed as

~Vr
∂~Vz
∂r

+ ~Vz
∂~Vz
∂z

= −
1
ρ

∂êP
∂z

+ ν
∂2 ~Vz
∂r2

+ 1
r
∂~Vz
∂r

 !
,

∂~P
∂r

= 0:

8>>>><>>>>:
ð7Þ

For calculation simplicity, the following equation is
dimensionless:

y = r
R0

,

x = z
R0

,

ω = Vz
Uo

,

υ = Vr
Uo

,

P = p̂

ρU2
o

,

Re = 2R0U
ν

,

R = R′
R0

:

ð8Þ

Here, R0 is the radius of the pipe section, Uo is the aver-
age flow rate of pipe flow, Re is the Reynolds number, and R′
is the radius of the pipe wall.

A B C
r

R0
R1

R (z)

k1 k2

z

Figure 3: Schematic diagram of the variable section pipeline.
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Therefore, the dimensionless equation is obtained as

∂~ω
∂x

+ ∂~υ
∂y

+ ~υ

y
= 0,

~ω
∂~ω
∂x

+ ~υ
∂~ω
∂y

= −
∂~P
∂x

+ 2
Re

∂2~ω
∂y2

+ 1
y
∂~ω
∂y

 !
:

8>>>><>>>>:
ð9Þ

Variable substitution is performed as

η = y2,
u = 2yυ:

ð10Þ

Therefore, Equation (9) is converted to

∂~ω
∂x

+ ∂~u
∂η

= 0,

~ω
∂~ω
∂x

+ ~u
∂~ω
∂η

= −
∂~P
∂x

+ 8
Re

∂
∂η

η
∂~ω
∂η

� �
:

8>>><>>>: ð11Þ

Boundary conditions:

η = R2 ⟶ ~ω = 0, ~u = 0,

η = 0⟶ ~u = 0,  ∂~ω
∂y

= 0:

8><>: ð12Þ

The flow in the chamber may return at the variable sec-
tion; thus, the third-degree polynomial of η is used.

~ω = R−2 R2 − η
À Á

a1 xð Þ + a2 xð Þη + a3 xð Þη2Â Ã
: ð13Þ

Here, a1ðxÞ, a2ðxÞ, and a3ðxÞ are polynomial coefficients,
which are functions containing coordinate x. To make the
equation more solvable, the integral solution is used. The
flow integral equation is expressed as

d
dx

ðR2

0
~ωdη = 0: ð14Þ

Multiplying Equation (11) (continuity equation) with its
momentum equation and adding and integrating to obtain
the momentum integral equation,

d
dx

ðR2

0
~ω2dη = −R2 d~P

dx
+ 8
Re η

∂~ω
∂η

� �
η=R2

: ð15Þ

Multiplying Equation (11) by 2ω and momentum equa-
tion times ω2, the momentum integral equation is obtained
by summing and integrating the following:

d
dx

ðR2

0
~ω3dη = −2 d

~P
dx

−
16
Re

ðR2

0
η

∂~ω
∂η

� �2
dη: ð16Þ

Since the pressure parameter P is constant along the
cross section, P = a4ðxÞ, and four equations are required to

solve coefficients a1ðxÞ, a2ðxÞ, a3ðxÞ, and a4ðxÞ. Thus, the
momentum equation is established at η = 0.

~ω
∂~ω
∂x

� �
η=0

= −
∂~P
∂x

+ 8
Re

∂
∂η

η
∂~ω
∂η

� �� �
η=0

: ð17Þ

At this point, all these coefficients are functions contain-
ing only x. Thus, all the partial derivatives of the coefficients
can be written as full derivatives. The parametric polynomial
of ω yields ∂~ω/∂η.

∂~ω
∂η

= a2 − R−2a1
À Á

+ 2 a3 − R−2a2
À Á

η − 3R−2a3η
2: ð18Þ

Using Equations (13) and (18) solves Equations
(14)–(17), respectively:

da1
dx

+ ζ1
da2
dx

+ ζ2
da3
dx

= ζ3,

ϑ1
da1
dx

+ ϑ2
da2
dx

+ ϑ3
da3
dx

+ da4
dx

= ϑ4,

ϖ1
da1
dx

+ ϖ2
da2
dx

+ ϖ3
da3
dx

+ da4
dx

= ϖ4,

λ1
da1
dx

+ da4
dx

= λ2:

8>>>>>>>>>>>><>>>>>>>>>>>>:
ð19Þ

In Equation (19),

ζ1 =
1
3R

2,

ζ2 =
1
6R

4,

ζ3 = −
2a1
R

+ 4
3R + R3

� �
dR
dx

,

ϑ1 =
2
3 a1 +

1
6R

2a2 +
1
15R

4a3,

ϑ2 =
1
6R

2a1 +
1
15R

4a2 + R3a3,

ϑ3 =
1
15R

4a1 +
1
30R

6a2 +
2
105R

8a3,

ϑ4 = −
8
Re

1
R2 a1 + R2a2 + R4a3
À Á

−
2
3
a1

2

R
+ 1
5R

3a2
2

�
+ 2
21R

7a3
2 + 2

3Ra1a2 +
3
5R

3a1a3 +
4
15R

5a2a3

�
dR
dx

:

ϖ1 =
R2

2
3
4 a1

2 + 3
10R

2a1a2 +
1
20R

4a2
2 + 1

10R
4a1a3

�
+ 3
70R

6a2a3 +
3
280R

8a3
2
�
,
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ϖ2 =
R4

2
3
20 a1

2 + 1
10R

2a1a2 +
3
140R

4a2
2 + 3

70R
4a1a3

�
+ 3
140R

6a2a3 +
1
168R

8a3
2
�
,

ϖ3 =
R6

2
1
20 a1

2 + 3
70R

2a1a2 +
3
280R

4a2
2 + 3

140R
4a1a3

�
+ 1
84R

6a2a3 +
1
280R

8a3
2
�
,

ϖ4 = −
8
Re

1
2 a1

2 + 1
6R

4a2
2 + 1

10R
8a3

2 + 1
3R

2a1a2

�
+ 7
30R

6a2a3 +
1
6R

4a1a3

�
−
R
2

1
2 a1

3 + 2
35R

6a2
3

�
+ 1
60R

12a3
2 + 3

5R
2a1

2a2 +
3
10R

4a1a2
2 + 3

10R
4a1

2a3

+ 12
35R

6a1a2a3 +
3
28R

8a1a2
2 + 3

28R
8a2a3

2

+ 1
14R

10a2a3
2
�
dR
dx

,

λ1 = a1,

λ2 = −
8
Re

a1
R2 − a2
� �

: ð20Þ

Equation (19) has four pending values: da1/dx, da2/dx,
da3/dx, and da4/dx. All other parameters contain only the
coordinates of a1, a2, a3, a4, and R. The velocity distribution
on the initial cross-section is known. Hence, the unknown
parameters can be found, and the association yields

The derivatives of the four coefficients can be obtained
using Equations (21)–(24). Then, we can obtain a1–a4 and
the full field of ω and P.

The small incoming flow field distribution of the variable
cross-section pipe is solved by using the parametric polyno-
mial method. The fourth-order Runge–Kutta methods are
used for the iterative solution under the initial conditions
of different flow parameters. Unless otherwise specified, the
calculation results are dimensionless.

The throat diameter is uniform in the flow field model
generated by microflow. Figure 4 depicts the velocity and
pressure distributions of the throat.

Figure 4(a) depicts the distribution of velocity ampli-
tudes in a constant cross-section tube at various Re. The

degree of velocity oscillation increases as Re increases, and
the negative gradient velocity appears, representing the neg-
ative direction velocity of negative pressure.

Figure 4(b) depicts the pressure amplitude distribution
in a constant cross-section tube at various Re. As Re
increases, a small pressure oscillation phenomenon appears,
where the negative gradient pressure represents the negative
pressure change in the negative direction.

Figure 5(a) depicts the distribution of velocity ampli-
tudes in a pipe with a steadily expanding cross section. The
airflow movement in the altered cross-section becomes

da3
dx

= ϑ2 − ζ1 ϑ1 − λ1ð Þ½ � ϖ4 − λ2 − ζ3 ϖ1 − λ1ð Þ½ � − ϑ4 − λ2 − ζ3 ϑ1 − λ1ð Þ½ � ϖ2 − ζ1 ϖ1 − λ1ð Þ½ �f g
ϑ2 − ζ1 ϑ1 − λ1ð Þ½ � ϖ3 − ζ2 ϖ1 − λ1ð Þ½ � − ϑ3 − ζ2 ϑ1 − λ1ð Þ½ � ϖ2 − ζ1 ϖ1 − λ1ð Þ½ �f g , ð21Þ

da2
dx

= ϑ3 − ζ2 ϑ1 − λ1ð Þ½ � ϖ4 − λ2 − ζ3 ϖ1 − λ1ð Þ½ � − ϑ4 − λ2 − ζ3 ϑ1 − λ1ð Þ½ � ϖ3 − ζ2 ϖ1 − λ1ð Þ½ �f g
ϑ3 − ζ2 ϑ1 − λ1ð Þ½ � ϖ2 − ζ1 ϖ1 − λ1ð Þ½ � − ζ1 ϑ1 − λ1ð Þ½ � ϖ3 − ζ2 ϖ1 − λ1ð Þ½ �f g , ð22Þ

da1
dx

= ζ3 − ζ1
da2
dx

− ζ2
da3
dx

, ð23Þ

da4
dx

= λ2 − λ1
da1
dx

: ð24Þ

~u = −~ω 1 − η/R2À ÁÀ Á
da1/dxð Þ + da2/dxð Þηð Þ + da3/dxð Þη2À ÁÀ Á

+ 2η a1 + a2η + a3η
2À ÁÀ Á

dR/dxð Þ/R3À ÁÂ Ã
− d~P/dx
À Á

+ 8/Reð Þ a2 − R−2a1
À Á

+ 4 a3 − R−2a2
À ÁÂ ÃÈ É

a2 − R−2a1
À Á

+ 2 a3 − R−2a2
À Á

η − 3R−2a3η2
Â Ã :

ð25Þ
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unstable. Slower speed and quicker changing speed result
from increasing Re. Velocity backflow occurs in a relatively
short time.

Figure 5(b) depicts the pressure amplitude distribution
in a pipe with progressively increased cross-section. The
pressure in the pipe with the variable cross-section reaches
its highest point quickly and gradually balances. Further,
the reaction to the pressure oscillation phenomena grows
faster as Re increases.

The following are the iteration results:

(1) There is no evident backflow in the steady flow field
of the constant cross-section pipe

(2) There is visible backflow in the steady flow field in
the variable cross-section pipe

(3) The flow velocity in the throat passage of a variable
cross-section pipe will drop, but backflow will still
occur and become more problematic in the same
cross-section pipe. This is also connected to the
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Figure 4: Distribution of the steady flow field in the constant cross-section pipe at a certain time.
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Figure 5: Distribution of the steady flow field in an expanding pipe at a given time.
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cross-sectional size of the pipe; therefore, flow in dif-
ferent diameters of pipes will vary

This paper only examines the flow in pipes with a uni-
form cross-section. The negative pressure gradient shown
in Figures 4 and 5 is the relative pressure change. Reflux
occurs in the central area of the pipe and flows back and
forth between the central and wall areas, and the speed will
gradually decrease. Even in such a small incoming flow
model, turbulence can occur repeatedly.

3.1.2. Oscillating Flow Field of Micro Incoming Flow. The fol-
lowing results can be obtained using the same analysis
method as the steady flow field:

Continuous equations:

∂ω
∂x

+ ∂u
∂η

= 0: ð26Þ

Momentum equation:

ω
∂ω
∂x

+ ~u
∂ω
∂η

+ R′
u0

∂ω
∂t

= −
∂P
∂x

+ 8
Re

∂
∂η

η
∂ω
∂η

� �
: ð27Þ

A derivative of velocity exists with respect to time in the
oscillating flow field; hence, there is more R′/u0 and ∂ω/∂t
here than that in the steady field.

In oscillatory hydrodynamics, the basic relationship for
velocity is ω = ~ω + �ωeiωt andu = ~u + �ueiωt . Substituting into
Equations (26) and (27) yields

∂�ω
∂x

+ ∂�u
∂η

= 0,

iω′�ω + ~u
∂�ω
∂η

+ ~ω
∂�ω
∂x

+ �u
∂~ω
∂η

+ �ω
∂~ω
∂x

= −
∂�P
∂x

+ 8
Re

∂
∂η

η
∂�ω
∂η

� �
:

ð28Þ

In equation ω′ = ðR′/~uÞω, the axial flow rate amplitude
is

�ω = c0 xð Þ R2 − η
À Á

c1 xð Þ − ηð Þ: ð29Þ

Similarly, c0ðxÞ and c1ðxÞ in the equation are still poly-
nomial coefficients, both as a function of coordinate x. To
eliminate the unknown quantity �u in Equations (26) and
(27), by summing up the integrals in Equations (26) and
(27), by summing up the integrals from R2 by punching
equations:

ðR2

0
iω′�ωdη + 2

ðR2

0
~ω
∂~ω
∂x

dη +
ðR2

0
�ω
∂~ω
∂x

dη +
ðR2

0
~u
∂�ω
∂η

dη

= −
ðR2

0

∂�P
∂x

dη +
ðR2

0

8
Re

∂
∂η

η
∂�ω
∂η

� �
dη:

ð30Þ

Bringing �ω and ~ω into Equation (30) achieves

ψ1
∂c0
∂x

+ ψ2
∂c1
∂x

= κ1: ð31Þ

In Equation (31),

ψ1 =
2
3 a1c1R

4 −
1
6 a1R

6 + 1
6 a2c1R

6 −
1
15 a2R

8

+ 1
15 a3c1R

8 −
1
30 a3R

10,

ψ2 =
2
3 a1c0R

4 + 1
6 a2c0R

6 + 1
15 a3c0R

8,

κ1 = −
16
Re c0Rb

4 − κ2 − κ3 − κ4 − κ5 − κ6,

κ3 = 2c0
R2
R1

− 1
� �

R1
z0

� � 1
2 a1c1R

3 −
1
6 a1R

5 + 1
6 a2c1R

5
�

−
1
12 a2R

7 + 1
12 a3c1R

7 −
1
20 a3R

9
�
,

κ4 = c0
1
3 c1

∂a1
∂x

R4 −
1
12

∂a1
∂x

R6 + 1
12 c1

∂a2
∂x

R6 −
1
30

da2
dx

R8
�
+ 1
30

da3
dx

R8 −
1
60

da3
dx

R10
�
,

κ5 = 2c0
R2
R1

− 1
� �

R1
z0

� � 1
2 a1c1R −

1
6R

3a1 +
1
6 a2c1R

3
�

−
1
12 a2R

5 + 1
12 a3c1R

5 −
1
20 a3R

7
�
,

κ6 =
ðR2

0

∂a4
∂x

+ 8
Re

1
R2 a1 − a2R

2À Á
+ 4 a2 − a3R

2À Á
η + 9a3η2

Â Ã�
+ 1 − η

R2

� �
a1 + a2η + a3η

2À Á
1 − η

R2

� �h
Á da1

dx
+ da2

dx
η + da3

dx
η2

� �
+ 2η dR/dxð Þð Þ a1 + a2η + a3η

2À Á
R3

��
Á 10 c1 + R2 − 2η

À ÁÂ Ã
a2R

2 − a1 − 2a2η + 2a3R2η − 3a3η2
À Á

/R2Â Ã dη,
ð32Þ

where all the coefficients are the functions of x. The partial
derivative form is equivalent to the full derivative form.
The boundary conditions at this point are expressed as

η = 0⟶ ~ω = a1,
�ω = c0c1R

2,
~u = 0⟶ �u = 0,

8>><>>:
η = 1⟶ ~ω = 0, �ω = 0, ~u = 0, �u = 0:

ð33Þ

Substituting the boundary conditions into Equation (27)
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yields

T1
∂c0
∂x

+ T2
∂c1
∂x

=G1, ð34Þ

∂�P
∂x

= 8
Re −c0 1 + c1ð Þ + 4c0R2Â Ã

: ð35Þ

In Equation (35),
T1 = a1c1R

2,
T2 = a1c0R

2,

G1 = −
32
Re c0R

2 − iω′c0c1R2 −
da1
dx

c0c1R
2

− 2c0c1a1R2 R2
R1

− 1
� �

R1
z0

� �
−

2c0c1a1
R

� �
R2
R1

− 1
� �

R1
z0

� �
:

ð36Þ

Similarly, Equations (29) and (30) can be solved as

dc0
dx

= κ1T2 −G1ψ2
ψ1T2 − T1ψ2

,

dc1
dx

= κ1T1 − G1ψ1
ψ2T1 − T2ψ1

:

ð37Þ

With the initial conditions dc0/dx and dc1/dx known, the
fourth-order Runge - Kutta method is used iteratively to
solve c0 and c1. The velocity amplitude �ω and pressure
amplitude �P are obtained for the entire flow field.

The oscillating flow field is iterated, and the results are as
follows.

Figure 6(a) depicts the velocity amplitude distribution of
a constant section pipe in an oscillating flow field. The veloc-
ity amplitude of the pipe exhibits a clear reflux reaction in a
short period as Re increases, and an evident reflux state has
already emerged in the low speed state in the negative
direction.

Figure 6(b) depicts the pressure amplitude distribution
in the oscillating flow field in the constant cross-section
pipeline. The pressure in the pipeline becomes unstable as
Re increases, and the pressure distribution in the negative
direction exhibits visible oscillation.

Figure 7(a) depicts the velocity amplitude distribution in
the oscillating flow field in the variable cross-section pipe.
Multiple velocity backflows occur in a short period due to
the airflow’s unstable movement in the oscillating flow field.
The fluid flow has turned turbulent at this point. This insta-
bility is the primary cause of the fluid flow oscillation and
the resonance of the chamber’s inner wall.

Figure 7(b) depicts the pressure amplitude distribution
in the oscillating flow field in the variable cross-section pipe.
The flow condition is exceedingly unstable turbulence at this
moment, and the airflow movement is disorganized. There is
visible pressure fluctuation in the variable cross-section pipe
in a short time. Therefore, minor airflow movement will also
have an effect on the chamber.

The iteration results indicate the following:

(1) In the flow of the fixed-section pipe, a slight back-
flow phenomenon occurs, and the flow velocity
gradually decreases

(2) In the flow of the variable cross-section (expansion)
pipe, backflow clearly occurs. Hence, the flow veloc-
ity will decrease, and the backflow phenomenon in
the constant cross-section pipe will still occur and
become more severe

(3) The pressure oscillation phenomenon in the oscillat-
ing flow field is evident, which is also related to the
cross-sectional size of the pipe. The flow rate of dif-
ferent pipe sizes will vary. This study only examines
the flow in a uniform cross-section pipe

In this section, the oscillatory flow field distribution of
the micro inflow in the rapid decompression system is inves-
tigated by using oscillatory fluid dynamics. The differential
equations of velocity distribution and pressure coefficient
in the model are solved. The velocity and pressure parame-
ters in the steady and oscillating flow fields under different
conditions are obtained, and the oscillation characteristics
in the throat pipe are analyzed.

4. Rapid Decompression Test

The two chambers are connected by an explosive rapid
decompression mechanism, and the pressure difference
between the low pressure and negative pressure chambers
is used. The device is opened by the lever principle without
requiring cylinder driving to realize the rapid explosive
decompression. During the decompression process, the
pressure transmitter is used to record the pressure change
during the blasting process.

4.1. Introduction to Test Equipment. Equipment, including a
vacuum system, pipeline valve, low-pressure chamber, nega-
tive pressure chamber, and explosion rapid decompression
mechanism, mainly built the rapid decompression test of a
low-pressure chamber.

4.1.1. Vacuum System and Test System. To meet the require-
ments of the extreme vacuum degree and height change rate
of the low-pressure chamber and to ensure better efficiency
and economy, the vacuum system is used to obtain the vac-
uum degree required for the test. The vacuum system is
composed of a negative pressure chamber and a vacuum
pump unit to meet the requirements of rapid decompression
time and pressure, respectively.

The vacuum pump unit includes three German Leybold
sv300b vacuum pumps and two wau1001 roots vacuum
pump units. The corresponding pipelines are adopted and
reformed. The reformed vacuum pump unit meets the
requirements of controllable pressure regulation of the test
chamber and vacuum tank. As shown in Figure 1(c), a set
of sv300b vacuum pump and wau1001 roots pump can
pump up to 730m3/h. The vacuum degree can reach 8 ×
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10−3 m bar (higher than 30000m), the two vacuum pumps
work simultaneously, and the air extraction can reach 1.3/
h. Therefore, the requirements of the working time of the
vacuum chamber are met.

For the test system, the American NI-CDAQ-9178 chas-
sis and NI-9208AI acquisition card are used to collect the
pressure in the test chamber at a high speed. The upper com-
puter software LabVIEW is used as the test system to obtain
the real-time pressure change in the test chamber. Figure 8
shows the test system interface.

4.1.2. Altitude and Vacuum Chambers. The optimal ratio of
the effective volume of the altitude chamber to the volume of
the vacuum chamber, which is required to achieve the best

test effect during the rapid decompression test, is more than
1 : 50 [26]. The effective volume of the altitude chamber is
2.59m3, and the volume of the vacuum chamber is 150m3.
Figure 9 shows the test platform for the altitude and vacuum
chambers.

The altitude and the vacuum chambers are connected
using a rapid decompression mechanism, and the decom-
pression time can reach 100–300ms when the opening of
the diameter port is 100% to realize the rapid
decompression.

4.1.3. Other Types of Equipment. The pressure data acquisi-
tion mainly used in the rapid decompression system of the
altitude chamber is the HM-22 absolute pressure transmitter
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Figure 6: Distribution of the oscillating flow field in a fixed-section pipe at a certain time.
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Figure 7: Distribution of the oscillating flow field in variable cross-section pipeline at a certain time.
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of HELM AG. The altitude and the vacuum chambers use
the HM-22 absolute pressure transmitter for real-time pres-
sure detection. The high-precision transmitter can better
analyze the pressure oscillation in the explosion test.

Valves are used to control the pipelines between the vac-
uum system and the altitude and vacuum chambers. These
include adjustable butterfly, pneumatic, ball, and quick air
breaking valves. The whole rapid decompression test system
is composed of the main components.

4.2. Experimental Design. A rapid decompression test was
designed for the altitude chamber to verify the oscillation
characteristics during the test. The test process includes fac-
tors such as factor A (initial pressure of the negative pressure
chamber), factor B (initial pressure of the altitude chamber),
and factor C (pipe diameter). To obtain the exact optimal
solution, the orthogonal experiment method is used to
design the experiment. Due to equipment factors, the maxi-
mum differential pressure between the vacuum and altitude

chambers is 60 kPa. Table 1 presents the orthogonal experi-
mental design of this test.

4.3. Analysis of the Experimental Results. The rapid decom-
pression experiment was carried out according to the

Figure 8: Rapid decompression test system.

(a) (b)

Figure 9: Altitude and vacuum chambers.

Table 1: Orthogonal experimental design.

Test Factor A Factor B Factor C Differential pressure

① 15 kPa 75 kPa 800mm 60 kPa

② 10 kPa 70 kPa 800mm 60 kPa

③ 5 kPa 65 kPa 800mm 60 kPa

④ 3.1 kPa 63.1 kPa 600mm 60 kPa

⑤ 7.56 kPa 45.20 kPa 600mm 34.50 kPa

⑥ 15 kPa 65 kPa 600mm 50 kPa

⑦ 15 kPa 70 kPa 500mm 55 kPa

⑧ 31 kPa 89 kPa 500mm 58 kPa

⑨ 17.5 kPa 58 kPa 500mm 40.5 kPa
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experimental design. The pressure changes generated in the
rapid decompression process and the impact of pressure
oscillation on the cabin are collected. Table 2 shows the
results of the rapid decompression test, including the main
results of the rapid decompression equilibrium pressure of
the two chambers, rapid decompression time, and extreme
value of the oscillation wave generated.

Figure 10 shows the results of a rapid decompression test
when DN = 800mm. The rapid decompression time is
within 100–200ms. When the target pressure is almost
reached, the oscillation phenomenon appears in the cham-
ber. With the gradual stabilization of the pressure, the oscil-
lation wave also gradually recovers. When the pipe diameter
DN = 800mm, Δp1 = Δp2 = Δp3 = 60 kPa, oscillations with
different amplitudes are generated, which are also related
to the initial and target pressures of the rapid decompres-
sion. When the pressure of the low-pressure compartment
is 65 kPa and the pressure of the negative pressure compart-
ment is 5 kPa, the oscillation amplitude and the impact on
the compartment are the largest.

As shown in Figure 11, after the rapid decompression
reaches the target pressure, still residual waves appear in

the process of pressure balance between the two chambers.
The entire process requires more than 3 s before the two
chambers can reach equilibrium. At this time, the residual
waves still have an impact on the chambers. In the flow path
of DN = 800mm, the impact within 0–500ms is the largest,
and the oscillation amplitude is larger. With the consump-
tion of energy, the pressure reduction system quickly
recovers to the equilibrium state.

Figure 12 shows the results of the rapid decompression
test when the pipe diameter is DN = 600mm, where Δp1 =
60 kPa, Δp2 = 34:5 kPa, and Δp3 = 50 kPa. After the pipe
diameter is reduced, the oscillation wave generated during
the rapid decompression process and the impact on the
chamber are smaller. In the test with DN = 600mm, the
pressure difference varies in each test, and the oscillation
waves generated are also different. When the pressure of
the low-pressure chamber is 45.2 kPa and the pressure of
the vacuum chamber is 7.56 kPa, although the initial and tar-
get pressures are both small, the pressure difference is also
the smallest. Thus, the generated oscillation wave is rela-
tively stable, and the impact on the chamber is the smallest.
When the altitude chamber is 63.1 kPa and the vacuum

Table 2: Orthogonal experimental design.

Test Pipe diameter Differential pressure Equilibrium pressure Decompression time Maximum oscillation value

① 800mm 60 kPa 16.17 kPa 121ms 0.32 kPa

② 800mm 60 kPa 11.18 kPa 128ms 0.21 kPa

③ 800mm 60 kPa 6.18 kPa 115ms 0.76 kPa

④ 600mm 60 kPa 4.28 kPa 133ms 0.71 kPa

⑤ 600mm 34.5 kPa 8.30 kPa 143ms 0.54 kPa

⑥ 600mm 50 kPa 15.98 kPa 139ms 0.56 kPa

⑦ 500mm 55 kPa 16.08 kPa 209ms 0.51 kPa

⑧ 500mm 58 kPa 32.14 kPa 170ms 1.46 kPa

⑨ 500mm 40.5 kPa 18.29 kPa 188ms 0.66 kPa
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Figure 10: Rapid decompression test when DN = 800mm.
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chamber is 3.1 kPa, a large oscillation wave is also generated.
At this time, when DN = 600mm, the impact of the oscilla-
tion wave on the chamber is the largest.

As shown in Figure 13, when the pipe diameter DN =
600mm, the residual wave generated after the rapid decom-
pression reaches the target pressure. The maximum impact
amount in the entire process is within 0–500ms, and the
impact on the chamber is the maximum. As the shock wave
generated by the oscillation is absorbed by the inner wall, it
gradually reaches the equilibrium state after 3 s, and the two
chambers are connected when the pressure is rapidly
reduced. Due to the large volume difference between the
two chambers, although the test is conducted under the

same pipe diameter, the difference between the initial and
the target pressures of each test will make the time to finally
reach equilibrium slightly different.

Figure 14 shows the results of the rapid decompression
test when the pipe diameter DN = 500mm, where Δp1 = 55
kPa, Δp2 = 58 kPa, and Δp3 = 40:5 kPa. The oscillation wave
generated by rapid decompression becomes smaller, and
that generated when the pressure difference is 58 kPa is the
largest. The initial pressure of the two chambers also
becomes an important factor for the oscillation during rapid
decompression. The change in the flow pipe diameter will
also make the rapid decompression time longer and the
speed reduced. Further, the oscillation generated will be
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Figure 14: Rapid decompression test when DN= 500mm.

0.0 0.5 1.0 1.5 2.0
Time (s)

Pr
es

su
re

 (k
Pa

)

2.5 3.0
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40

70-15 kPa, DN = 500 mm
89-31 kPa, DN = 500 mm
58-17.5 kPa, DN = 500 mm

Figure 15: Rapid decompression and balancing process when
DN = 500mm.

0.0 0.5 1.0 1.5 2.0
Time (s)

Pr
es

su
re

 (k
Pa

)

2.5
2
4
6
8

10
12
14
16
18
20
22

63.1-3.1 kPa, DN = 600 mm
45.2-7.56 kPa, DN = 600 mm
65-15 kPa, DN = 600 mm

Figure 13: Rapid decompression and balancing process when
DN = 600mm.

0.0 0.1 0.2 0.3
Time (s)

Pr
es

su
re

 (k
Pa

)

0.4

5
10
15
20
25
30
35
40
45
50
55
60
65
70

0.05 0.10 0.15 0.250.20 0.30 0.35 0.40
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

63.1-3.1 kPa, DN = 600 mm
45.2-7.56 kPa, DN = 600 mm
65-15 kPa, DN = 600 mm

Figure 12: Rapid decompression test when DN = 600mm.

14 International Journal of Aerospace Engineering



smaller than that caused by the oscillation of the large flow
pipe diameter.

The action time of the residual wave will also be
extended under the small flow pipe diameter after the rapid
decompression reaches the target pressure. As shown in
Figure 15, the oscillation wave remains large within 0–1 s,
but the time to balance is as long as 3 s.

5. Conclusions

The characteristics of rapid decompression oscillation in an
altitude chamber were analyzed in this study. Considering
the variable cross-section pipeline that connects the altitude
and vacuum chambers as the characteristic, the polynomial
parameter expression of the rapid decompression system
was established, and the oscillation phenomenon in the
rapid decompression process was numerically simulated
and analyzed. The following are the numerical simulation
and test results.

By setting different pipe diameter and the initial pressure
of the altitude and initial chambers, the test results indicate
that different initial conditions produce different oscillation
waves. (1) When DN = 800mm, the test pressure difference
is Δp = 60 kPa, and the initial pressures of the two chambers
are different; the oscillation wave is also different. Further,
the lower the pressure of the vacuum chamber, the higher
the potential that the oscillation phenomenon occurs. Partic-
ularly, the maximum oscillation value reaches 0.76 kPa, and
the rapid decompression time is 115ms. (2) When DN =
600mm, the pressure difference is not the same as the initial
pressure. Moreover, the occurrence potential of the oscilla-
tion phenomenon is the highest under the test condition
with the maximum pressure difference and lowest pressure
in the altitude chamber. Specifically, the maximum oscilla-
tion value reaches 0.71 kPa, and the rapid decompression
time is 133ms. (3) When DN = 500mm and when the pres-
sure difference is different, the test conditions with the larg-
est pressure difference have severe oscillation. Particularly,
the maximum oscillation value reaches 1.46 kPa, and the
rapid decompression time is 170ms.

The three factors of the oscillation characteristics of the
rapid decompression system are the size of the pipe diame-
ter, pressure difference, and pressure of the vacuum chamber
in that order. These three factors all affect the pressure oscil-
lation and the rapid decompression time during the rapid
decompression process. The rapid decompression time actu-
ally reflects the speed change during the rapid decompres-
sion process. The faster the speed change, the more likely
the oscillation phenomenon will occur, causing chamber reso-
nance and compromising equipment’s safety and reliability.

Nomenclature

ΔR: Variation of the pipe radius
RðzÞ: Change rule of axial Z with radius R
υ: Fluid kinematic viscosity coefficient
~Vr: Radial velocity of the pipe in a stable flow field
~Vz: Axial velocity of the pipe in a steady flow field
~P: Pipeline pressure amplitude in a stable flow field

Re: Reynolds number
R0: Pipe constant section radius
Uo: Average velocity of the pipeline in a steady flow field
~ω: Amplitude of the pipe velocity in a steady flow field
~u: Velocity distribution of the pipe in a steady flow field
a: Polynomial coefficients about x in a steady flow field
�ω: Velocity amplitude of the pipe in an oscillating flow

field
�P: Amplitude of the pipeline pressure in an oscillating

flow field
�u: Velocity distribution in an oscillating flow field
c: Polynomial coefficients of x in an oscillatory flow

field.
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