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Pneumatic cabin pressure control system (PCPCS), with its exceptional electromagnetic compatibility, is expected to become the
major equipment on a high-performance airplane again in the future. Although the PCPCS has been mature for a long time, the
broad popularization of the digital cabin pressure control system (DCPCS) has left the PCPCS in the cold for decades. This makes
the PCPCS unable to meet the severe cabin pressure regulation requirements of high-speed aircraft today. For this purpose, a more
precise PCPCS modeling method is proposed. Through this method, the relation between different parts in the PCPCS can be
accurately characterized. Moreover, the impact of the ambient environment on the PCPCS is taken into consideration. This
method can be used to accurately analyze the PCPCS under maneuvering flight. And it also assists in the verification of the
system improvements of dynamic performance in the future. Simulation results show that the aircraft acceleration disturbs the
PCPCS slightly, and the cabin air inflow fluctuation has a significant impact on the cabin air pressure.

1. Introduction

Before the first practical pressurized cabin airplane Lockheed
XC-35 [1] came into being, the open cockpit had been used
on the airplane for about 30 years, and the pilot’s operating
environment could not be protected at that time. Since the
1930s, pressurized aircraft have developed rapidly, and the
cabin pressure control system (CPCS) came out.

The Garrett Corporation has made outstanding contribu-
tions to the development of the pneumatic cabin pressure con-
trol system (PCPCS). The “Kemper” style cabin pressure
control invested by James Kemper [2] was widely used in
PCPCS at that time. And the balanced poppet outflow valve
advanced by Raymond Jenson [3] and Richard Fischer [4]
was the most recognized cabin outflow valve and is still in
use at present. These two masterpieces built the prototype of
PCPCS. Operation of the PCPCS is completely pneumatic,
depending on the cabin pressure and the ambient pressure.

Soon after the emergence of the PCPCS, electric motors
and digital controllers spread rapidly with the populariza-
tion of electrification [5]. Digital cabin pressure control sys-

tem (DCPCS), with its programmability and simple
structure, grows quickly. Extensive research has been con-
ducted on the control strategy [6], the controller structure
[7, 8], the system flow [9], and the system analysis and
improvements [10, 11]. These work promoted the applica-
tion of the DCPCS. Programmable digital controllers and
electric butterfly valves can be found on nearly every modern
aircraft especially on commercial aircraft.

Although the DCPCS has become mainstream, the
PCPCS, with its exceptional electromagnetic compatibility
and fast response, plays an irreplaceable role in some high-
speed aircraft. Until now, the pneumatic outflow valves are
still used in many airplanes as safety valves [12].

In 2009, a Lockheed Martin F-22 raptor was reported to
have been killed by a Boeing EA-18G Growler in a simulated
combat exercise (https://www.key.aero/forum/modern-
military-aviation/90802-growler-power-ea-18g-boasts-f-22-
kill-photos). This big news made researchers realize the
importance of electromagnetic warfare. And avionics is pos-
sible to be exposed to the danger of electromagnetic interfer-
ence at any time. The PCPCS, with its inherent superb
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electromagnetic compatibility, has a great opportunity to
become the focus of future research again.

The CPCS is of vital importance because it is closely
related to crew comfort [13], even aircraft safety [14,
15]. Even though the CPCS has been developed for
decades, barotrauma caused by cabin pressure fluctua-
tions/spikes has always plagued pilots [16–18]. It is
reported that the Boeing F/A-18E/F Super Hornet suf-
fered cabin pressure fluctuations (https://news.usni.org/
2019/04/04/navy-rules-out-contamination-as-physiological-
episodes-cause-focused-on-air-pressure-as-super-hornet-rat
es-still-high). And the spikes in cockpit’s cabin pressure
were also reported on the Lockheed Martin F-35 Lightning II
(https://www.defensenews.com/smr/hidden-troubles-f35/2020/
04/24/the-pentagon-has-cut-the-number-of-serious-f-35-techn
ical-flaws-in-half). One of themain reasons for the spikes in the
cabin is the deficiencies of the CPCS. The deficiencies make the
air pressure and rate of pressure change in the cabin fail to meet
the related criteria [19]. Obviously, engineers need to put for-
ward specific improvements to eliminate the fluctuations. The
engineering experience and a large number of tests could be
the only way to solve the problem. This leads to the urgency
of a more reliable and higher performance CPCS.

It is important to thoroughly investigate the internal
mechanism of the CPCS. As the DCPCS is widespread, the
amount of related research is considerable. But this is not
the case with PCPCS. The PCPCS matured in the 1960s-
1970s. But the dynamic performance of modern aircraft
has developed by leaps and bounds. While the analysis of
the PCPCS is still based on the linear, steady-state, and
approximate model, and the transient cabin outflow rate is
always difficult to match the inflow rate during maneuvering
flights, more in-depth research is needed to update the
dynamic performance of PCPCS, so as to adapt to modern
advanced aircraft.

Most related PCPCS research mainly focuses on the
enhancement of the prototype. Burgess et al. [20] put for-
ward a new pressure control system combined with a pneu-
matic amplifier relay. Whitney et al. [21] presented an
improved PCPCS that is adapted to prevent the difference
between cabin pressure and atmospheric pressure from
exceeding a threshold value. Horner et al. [12] introduced
a poppet outflow valve with an integrated metering valve
poppet as the controller. These new systems/valves have
made some changes to meet additional requirements such
as quick response, anti-icing, and dust filtration. The work-
ing principle of these optimized pneumatic cabin pressure
control systems remains unchanged. It could be summarized
as follows: cabin-to-ambient pressure differential acts on the
diaphragm to open/close the valve, and the compressed
spring is used to balance the force on the diaphragm; pres-
sure differential can be regulated by the pressure controller
working as a throttle valve.

Modeling and simulation were also carried out to
describe the system. Zheng [22] studied a cabin pneumatic
pressure control system and analyzed the dynamic charac-
teristics systematically. Chaurasiya et al. [23] developed a
dynamic model of a cabin pressure control system and stud-
ied the steady-state and transient flight conditions using

MATLAB. These works help describe the pneumatic cabin
pressure control system and analyze the system characteris-
tics. But the models are linearized and idealized. Wei [24]
studied the flow characteristics inside the outflow valve
using the user-defined function (UDF) of the Fluent soft-
ware. But the work did not build the relationship between
the outflow valve and the cabin pressure. The pressure fluc-
tuation in the cabin is a fast and transient phenomenon.
Classical linearized and approximate methods are more suit-
able for steady-state analysis and are difficult to demonstrate
the phenomenon.

It is apparent that pressure fluctuations/spikes appear
during maneuvering flight. In order to understand the inter-
nal mechanism of the pneumatic pressure control system
and find the causes of fluctuations, two aspects are signifi-
cant: (1) build a more precise system model. An accurate
model helps analyze the internal relation between different
components in the system. (2) Take into account the impact
of the external environment on PCPCS. Under transient
flight conditions, the ambient environment could interfere
with the PCPCS.

In this paper, a more accurate model is carried out, espe-
cially the balanced poppet outflow valve. Pressure distribu-
tion on the valve, which affects the movement of the main
poppet, is discussed. External environmental impacts are
also studied, including the acceleration of the airplane and
the cabin transient inflow.

This paper is organized as follows. Section 2 discusses
the basic system flow of PCPCS. In Section 3, ambient envi-
ronmental impacts on the system are discussed. A precise
model of the PCPCS is put forward in Section 4. Simulation
examples are provided in Section 5 to demonstrate pressure
spikes. Section 6 draws the conclusion of the paper.

2. System Flow of the PCPCS

The PCPCS has been developing for decades. The structure
and components evolved gradually and finally matured in
the 1960s [4, 25]. Figure 1 shows how the PCPCS controls
the cabin pressure. The air pressure of an aircraft cabin is
mainly affected by cabin inflow and outflow. Airflow treated
by the environmental control system (ECS) is controlled by
the inflow valve and then enters the cabin. Outflow valves
are used to exhaust airflow from the cabin. In most cases,
PCPCS works to modulate airflow from the cabin to atmo-
sphere by regulating the opening of the outflow valves. Nor-
mally, redundant outflow valves are installed to improve
reliability. In terms of system working principles, there is
no essential distinction between one outflow valve and mul-
tiple valves. So, in this paper, modeling and analysis are car-
ried out based on one outflow valve.

ECS Inflow

Inflow
valve

Outflow
valve (s)Cabin

Outflow

Figure 1: Diagram view of cabin pressure.
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The block diagram of the PCPCS is shown in Figure 2.
The cabin pressure controller compares the air pressure
between the cabin and the ambient environment. Then, the
pneumatic signal from the controller is transmitted to the
outflow valve. A pneumatic relay, which is an optional com-
ponent, works as a power amplifier to amplify the gas mass
flow between the controller and the outflow valve. The out-
flow valve receives the signal and then raises and lowers,
thereby modulating the airflow from the cabin to the ambi-
ent environment. This system flow is basic but important.
Almost every PCPCS of aircraft is based on this system flow
now. Last but not the least, the PCPCS is fully automated,
and no additional automation equipment is required. The
control law is reflected in the hardware parameters of the
system.

The outflow valve is the actuator of the system; its sche-
matic diagram is shown in Figure 3. Pneumatic signal (air
stream) flows into the control chamber to change the air
pressure in the control chamber. Then, the differential pres-
sure inside and outside the actuator diaphragm drives the
poppet to move upward and downward. Thus, the exhaust
airflow from the cabin is regulated, and the cabin pressure
is limited. When the atmospheric pressure is greater than
cabin pressure, it will push the balance diaphragm to move
upward. Then, the outflow valve opens, and atmospheric
air flows into the cabin to reduce the cabin-to-atmosphere
differential pressure. There are some valves with guiding
shafts [3, 12] to ensure poppet stability. And some valves
integrate the controller in the outflow valve [4]. Even so,
the working principle is the same. So, the outflow valve anal-
ysis in this paper is based on the model illustrated in
Figure 3.

3. Environmental Impacts on the PCPCS

Unlike the digital cabin pressure control system, the PCPCS
is purely mechanical and pneumatic. Consequently, interac-
tions among the components could be disturbed by the
environment.

(1) Acceleration affects the deformation of elastic ele-
ments. Gravity was ignored in most research because
the moving parts in the PCPCS are usually installed
horizontally. But when it comes to maneuvering
flight, the acceleration in flight direction is often sev-
eral times the gravitational acceleration. As a result,
there will be an additional “inertial force” applied
to the moving part when the airplane accelerates or
decelerates

(2) The flow field near the outlet of the outflow valve is
complicated. The pressure distribution near the C-
shape cross-section poppet determines the force on
the diaphragms. But most of the early literary works
used a nozzle model to compute the mass flow rate
of the outflow valve and regarded the pressure near
the outlet of the outflow valve as a constant. This
leads to deviations in calculation results. Carrying
out flow tests is helpful, but the process is complex
and time-consuming

(3) The amount of engine bleeding air fluctuates during
maneuvering flight, sometimes causing cabin air
inflow fluctuation. The inflow fluctuation leads to
cabin air pressure fluctuation and then results in
cabin pressure control system oscillation. Although
the inflow fluctuation does not exactly belong to an
ambient environment factor for an aircraft, it does
disturb the PCPCS

Figure 4 shows the environmental impacts on the
PCPCS during the maneuvering flight. Acceleration changes,
valve outlet pressure distribution, and inflow fluctuations
affect the cabin pressure jointly. In the following part of this
paper, studies are carried out to analyze these impacts.

4. Numerical Model and Method

4.1. Model of the PCPCS. A classic cabin pressure controller
consists of two sections: the isobaric pressure section and the
differential pressure section (as shown in Figure 5). The pop-
pet of the isobaric pressure section is initially open, and the
vacuum bellow is elastic. When the flight altitude increases,
ambient environmental pressure decreases. Then, the bellow
expands, and the effective flow area of the poppet valve in
the isobaric pressure section is reduced. As the flight altitude
continues to increase, the differential pressure section begins
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pressure
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Figure 2: Schematic diagram of pneumatic cabin pressure control system.
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Figure 3: Schematic diagram of the outflow valve.
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to work. Differential pressure on both sides of the diaphragm
pushes the poppet to open. The poppets of both sections work
as a throttle and control the pressure in the control chamber of
the outflow valve. Here, we say that the cabin pressure control-
ler transmits the pneumatic signal to the outflow valve.

For convenience, assume that the acceleration of the aircraft
is “a” shown in Figure 5. An additional inertial force is applied
to each component. The equation of motion for the poppet in
the isobaric pressure section can be described as follows:

mi€yi = Fis − Fib − Fir − Fipd − FiI : ð1Þ

As the elastic elements are connected to the poppet, the
deformation of these elastic elements is consistent with the
opening of the poppet. So, the forces in Equation (1) can be
given by:

Fis = Kis∙ yi max − yið Þ + Fis0 −mis€yis − f is _yis −misa,
Fib =mib€yib + f ib _yib + Kib∙ yi max − yið Þ + Fib0 +miba + f ib _yib − Pcc∙Ab,
Fir = f i _yi,
Fipd = ΔPipAip,
FiI =mia:

8
>>>>>>>><

>>>>>>>>:

ð2Þ

It should be noted that the yib is the displacement of the
mass center of the elastic vacuum bellow. So, the relation
between yib and yi is

dyib =
dyi
2 : ð3Þ

The equation of motion for the poppet in the differential
pressure section can be described as follows:

md€yd = Fdps − Fds + Fdd − Fdpd + Fdr − FdI : ð4Þ

Similarly, the forces in Equation (4) can be represented by:

Fdps = Kdps∙ yd max − ydð Þ + Fdps0 −mdpsa −mdps€ydps − f dps _ydps,
Fds = Kds∙ yd max − ydð Þ + Fds0 +mds€yds +mdsa + f ds _yds,
Fdd = Pcc − Ptsð Þ∙Ad ,
Fdpd = ΔPdp∙Adp,
Fdr = f d∙ _yd ,
FdI =mda:

8
>>>>>>>>>>><

>>>>>>>>>>>:

ð5Þ
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Figure 4: Environmental impacts on the PCPCS.
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Figure 5: Schematic diagram of the cabin pressure controller.
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The opening of the poppets in the isobaric pressure section
and differential pressure section is obtained using the equations
above. And the mass flow rate of the cabin pressure controller
can be calculated by classical isentropic nozzle flow equations.

After computing the “pneumatic signal” from the con-
troller, we should compute the output of the actuator—the
opening of the outflow valve. Likewise, assume that the out-
flow valve shown in Figure 3 is placed in a noninertial refer-
ence frame, and the acceleration is also upward with
magnitude “a.” The motion of the outflow valve poppet is
given by the following equations:

mv€yv = Fvad + Fvbc − Fvs − Fvbd − Fvr − FvI ,
Fvad = Pad − Pccð ÞAad ,
Fvbc = Pbc − Pccð ÞAbc,
Fvs =mvs€yvs + Kvs∙ yv max − yvð Þ + Fvs0 +mvsa + f vs _yvs,
Fvbd = Pbc − Pbdð ÞAbd ,
Fvr = f v∙ _yv,
FvI =mva:

8
>>>>>>>>>>><

>>>>>>>>>>>:

ð6Þ

Based on the equations above, we know how the outflow
valve poppet moves when the control chamber pressure Pcc
changes. However, it should be noted that the volume of
the control chamber varies as the poppet moves upward
and downward. And so does the balance chamber. There-
fore, volume changes should be taken into consideration
when computing the air pressure in the chambers.

The air pressure in the control chamber is expressed
using the ideal gas equation state:

d PccVcc/RTccð Þ
dt

= dmcc

dt
: ð7Þ

The right side of Equation (7) is the mass change of the
air in the control chamber. It can be obtained by the 1-
dimensional (1D) isentropic nozzle flow equations [26].
The temperature change is so small that it can be ignored.
Thus, the left side of Equation (7) can be expanded to:

d PccVcc/RTccð Þ
dt

= Vcc

RTcc

dPcc

dt
+ Pcc

RTcc

dVcc

dt
: ð8Þ

If we want to calculate the pressure change in the control
chamber, we have to know how the volume of the control
chamber changes. Assume that the poppet is initially closed,
that is, yv = 0. When the poppet moves upward, it comes to
yv + dyv, and the reduction of the control chamber volume is
dVcc = Accdyv . The bottom of the control chamber can be
approximated by a circular surface. The base area of the con-
trol chamber varies with yv, as illustrated in Figure 6.

We describe it with a linear approximation:

Acc = Acc max − yv
Acc max − Acc min

yv max
, ð9Þ

where the minimum base area is:

Acc min =
π

4 D
2
ad1: ð10Þ

And the maximum base area can be estimated by the
trigonometric function:

Acc max =
π

4 D
2
ad2 +

π

4
D2
ad1 −D2

ad2
sin α

: ð11Þ

We can calculate sin α with equations below:

tan α = Dad1 −Dad2ð Þ/2
yv max

, ð12Þ

sin α = tan α
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + tan2α

p : ð13Þ

With Equations (9)–(13), we can obtain the relation
between Acc and yv. For simplicity, we use the equation
below:

Acc = Const + Kcc∙yv, ð14Þ

where “Const” in the equation represents a constant and
“Kcc” is a scale factor less than 0. Then, we can describe
the relation between Vcc and yv through the equation:

dVcc = Const + Kcc∙yvð Þdyv: ð15Þ

(Dad1-Dad2)/2

Yv
m

ax

𝛼

Figure 6: Schematic diagram of the moving poppet.

Table 1: Permutation of valve opening, ambient pressure, and
differential pressure.

Simulation conditions

Relative valve opening, x 0.1 0.25 0.5 0.75 1

Ambient pressure, Pa (kPa) 101 80 60 40 20

Differential pressure, Pd (kPa) 3 10 15 20 30
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Consequently, the air pressure in the control chamber
can be obtained. And the air pressure in the balance
chamber is obtained in the same way.

As for the air pressure in the cabin, it can be described with

Vc

RTc

_Pc =Min −Mout: ð16Þ

At this point, the opening of the outflow valve can be calcu-
lated. In order to calculate the mass flow rate of air leaving the
cabin, the relation between the valve opening and mass flow
rate is vital. Most of the early literary works used the isentropic
nozzle model to estimate the mass flow rate of the outflow
valve. But actually, the airflow through the C-shaped cross-
section poppet is complex. Moreover, the flow field near the
outflow valve affects pressure distribution, which in turn affects
the force of the diaphragms. But traditional models regarded
the pressure on the lower surface of the balance diaphragm
Pbd as ambient environment pressure. So, a more precise anal-
ysis of the force and airflow for the PCPCS is necessary.

4.2. Pressure Distribution near the Outflow Valve. Since the
outflow valve is the core actuator of the cabin pressure con-
trol system, additional attention needs to be paid to the
interaction of the outflow valve and the airflow. Computa-
tional fluid dynamics (CFD) studies were carried out to ana-
lyze the pressure distribution near the outlet of the outflow
valve. Three variables are considered to find the law of pres-
sure distribution: opening of the valve, ambient air pressure,
and differential pressure in the cabin. For a general outflow
valve, the travel is about 20mm. What is more, generally
speaking, the flight altitude is not higher than 10 km when
the differential pressure section starts to work. The pressure
at that altitude is not greater than 20 kPa. Thirdly, the max-
imum cabin-to-ambient differential pressure is about 30 kPa.
Under these circumstances, 150 simulation tests were car-
ried out based on the permutation of the three variables, as
shown in Table 1.

As the computational load is massive for a 3D simula-
tion, a 2D rotational axis-symmetric mesh was put into
use. Figure 7 is the pressure distribution near the outflow

valve when the valve opening is 10mm, the ambient pres-
sure is 60 kPa, and the differential pressure is 20 kPa. It can
be seen that the pressure distribution near the actuator dia-
phragm seems to be close to the pressure in the cabin. But
the pressure near the balance diaphragm is different from
the outlet pressure because the airflow is treated by the
poppet.

We summarized the simulation results of 150 working
conditions and collected the data including average air pres-
sure near the actuator diaphragm Pad , average air pressure
data near the balance diaphragm Pbd , and the mass flow rate
data of the valve Mout. The collected data are illustrated in
Figures 8–16.

Figure 8 provides the interrelations among Pad , x, Pa,
and Pd . Figure 9 is the 2D plot results from Figure 8 intersec-
tion with the plane x = 0:5. Figure 10 is the 2D slice of
Figure 8 at Pa = 60 kPa. It is apparent from Figures 8 and 9
that the Pad is close to but slightly less than Pc. And as shown
in Figure 10, x has little effect on Pad . But with the increase
of x, the Pc line waves slightly. A possible explanation for
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Velocity magnitude (m/s)
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Figure 7: CFD study on the flow field near the outlet of the outflow valve (opening = 10mm, ambient pressure = 60 kPa, differential
pressure = 20 kPa), (a) pressure distribution, (b) velocity vectors.
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this might be that the flow field near the actuator diaphragm
is relatively stable and is less influenced by the poppet move-
ment and differential pressure of the outflow valve.

Figure 11 shows the correlations among Pbd , x, Pa, and
Pd . Figure 12 is the 2D line when cutting Figure 11 with
plane x = 0:5. And Figure 13 is the slice of Figure 11 cut by
the plane Pa = 60 kPa. As can be seen from the figures, Pbd
is higher than Pa. What is more, the larger the value of x,
the greater the pressure difference between Pbd and Pa. It
can also be seen from the figures that Pad increases as Pd
increases. These relationships may partly be explained by
the airflow influence on the balance diaphragm. As the pop-
pet moves upward, the influence area of the high-pressure

airflow in the cabin increases, which increases the air pres-
sure of the balance diaphragm.

Figure 14 shows the change in mass flow rate Mout. The
curve in Figure 15 is the surface in Figure 14 cut by plane
x = 0:5. The curve illustrated in Figure 16 is obtained by
the intersection of the plane Pa = 60 kPa and the surface in
Figure 14. In theory, the outflow valve is linear. This is con-
sistent with what is shown in Figure 15. However, as the
opening of the valve increases, the increasing trend of mass
flow slows down. A possible explanation for this might be
that the increasing opening of the valve causes more intense
vortices, which bring energy loss and reduce the flow capac-
ity of the valve.
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The results of the CFD studies indicate that:

(i) The pressure under the actuator diaphragm is
hardly affected by the movement of the poppet.
Because the actuator diaphragm is far away from
the outlet of the outflow valve

(ii) The pressure under the balance diaphragm is
affected by the complex flow near the outlet of the
outflow valve. This in turn changes the resultant
force on the poppet

(iii) The complex flow near the valve outlet also disturbs
the air outflow and distorts the flow characteristics
of the outflow valve

These working conditions may not be the actual con-
ditions, but the above simulations help to summarize the
law of the outflow valve to regulate the airflow. The non-
linear fitting tool is used to fit the above data, so as to
obtain Pad , Pbd , and Mout under different working condi-
tions. Then, the dynamic models described above are able
to characterize the movement of the pneumatic cabin
pressure control system.

4.3. Calculating Method for PCPCS under Maneuvering
Flight. Up to now, a system-level research method has been
established. A mathematical model of the PCPCS is built
considering the ambient environmental impacts. CFD

0.0 0.2 0.4 0.6 0.8 1.0

x

90

80

70

60

50

P b
d (

kP
a)

Pd = 30
Pd = 25
Pd = 20

Pd = 15
Pd = 10
Pd = 3

Figure 13: Relation between balance diaphragm pressure Pbd and
relative valve opening x at different differential pressure Pd .
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simulations were carried out to calculate the accurate pres-
sure near the diaphragms and the mass flow rate of the out-
flow valve. Thus, the working process of the PCPCS under
maneuvering flight is obtainable.

Figure 17 is the computing process for the PCPCS when
the aircraft is maneuvering. At the beginning of calculation,
the initial state of the PCPCS and the essential environmen-
tal parameters should be confirmed. When the aircraft starts
maneuvering, the external environment changes. Under a
given aircraft acceleration “a,” the airspeed around the plane
is obtainable. Then, the static pressure near the outlet of the
outflow valve “Pts,” which is the ambient environment pres-
sure, can be calculated according to the altitude. And the
mass flow entering the cabin Min is known according to

the aircraft ECS. Due to the aircraft’s acceleration, the resul-
tant force of the poppets in the cabin pressure controller
would change. Then, the opening of the poppets, which are
“yi” and “yd ,” can be calculated using the model above
(Although the isobaric pressure section and differential pres-
sure section usually do not work simultaneously, here, we
mention them together for the sake of convenience).
Accordingly, the pressure signal, which is the airflow rate
between the controller and control chamber, can be calcu-
lated, and the pressure in the control chamber “Pcc” is
obtained. Using the fitting results of the CFD simulations,
the pressure under the actuator diaphragm Pad and the bal-
ance diaphragm Pbd can be obtained. And consequently, the
opening of the outflow valve “yv” can be calculated using the
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External
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change?
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change?
End
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CFD fitting model
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Figure 17: Computing process for PCPCS under maneuvering flight.
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dynamic equation of the poppet. So, the outflow rate “Mout”
of the valve is easy to know based on the fitting results of the
CFD simulations, and the cabin pressure is obtained. Then,
the pressure in the balance chamber can be calculated
through nozzle flow equations. And these state parameters
of the PCPCS are determined at this iteration step. The iter-
ation stops until the PCPCS state and the external environ-
ment no longer change.

5. Simulation and Discussion

The method presented in this paper helps to analyze the
PCPCS under maneuvering flight. In order to demonstrate
how the ambient environment acts on the PCPCS, an imag-
inary flight mission is provided to show the performance of
the PCPCS. Before the imaginary flight mission simulation,
real measured flight data from a training flight is used to
prove the effectiveness of our modeling method.

5.1. Model Verification. Cui [27] provided the real case of an
aircraft full afterburner takeoff. The cabin inflow rate and
the cabin pressure are shown in Figures 18 and 19. The
red dash lines represent the data measured during the flight.
And the black solid lines are the data simulated based on the
model presented in this paper.

The cabin inflow rate increases from 100 kg/h to 900 kg/
h during about 4 s, leading to the boost of the cabin pressure.
The delay of the sensor causes a phase difference between
the simulation and the measurement. And the sampling
interval of the pressure sensor is 1 s, which makes the red
curve not as smooth as the black curve. Figure 19 indicates
that the simulation results reflect the change law of the cabin
pressure accurately. What is more, due to the limitation of
the sampling frequency of the pressure sensor, the red curve
does not show the peak value of the pressure change rate,
while the black curve shows it clearly. It also points out that
the real pressure change in the cabin could be more severe
than the measurements.

5.2. Flight Mission Simulation. After the model verification,
we provide an extreme imaginary flight mission to show
how the PCPCS works transiently. The initial flight altitude
is 1 km, and the speed is 250m/s. The plane starts to acceler-
ate at time t = 1 s. At time t = 11 s, the plane flies at a con-
stant speed of 387m/s. The plane begins to decelerate at
time t = 15 s. The flight speed recovers to 250m/s at time t
= 27 s. The speed and the acceleration are shown in
Figure 20. Simulated airflow fluctuation entering the cabin
is illustrated in Figure 21 to represent the potential instabil-
ity of the ECS. The relative opening of the outflow valve and
the cabin pressure are shown in Figure 22.

Initially, the cabin pressure is maintained at about
90 kPa. When the plane starts to accelerate, the cabin inflow
increases, and the cabin pressure increases dramatically.
Then, the pressure difference on both sides of the outflow
valve actuator diaphragm rises, pushing the outflow valve
to open. At time t = 2:5 s, the cabin inflow rate decreases,
but the cabin pressure is still too high, so the outflow valve
keeps opening. When the cabin pressure drops to less than

90 kPa, the valve starts to close. And gradually, the valve
reaches the equilibrium point—about 45% relative opening.
At time t = 15 s, the cabin inflow fluctuates again, and the
outflow valve adjusts automatically to regulate the cabin
pressure to 90 kPa. During the whole mission, air pressure
in the control chamber Pcc maintains at 90 kPa. The inertial
force has little effect on the poppets of the cabin pressure
controller because the elasticity coefficients of the springs
are large.

As mentioned above, aircraft acceleration could disturb
the force on the PCPCS. But the cabin pressure fluctuation
shown in Figure 22 is the synthetic result of aircraft acceler-
ation and cabin air inflow. So, we separate the effects of these
two factors to observe how they disturb the PCPCS, respec-
tively. Figure 23 is the relative opening of the outflow valve
influenced by the aircraft acceleration and the cabin inflow
rate separately. The red line shows the relative opening of
the outflow valve influenced by aircraft acceleration. And
the blued line is the relative opening of the outflow valve
influenced by cabin inflow. The dash line is the relative
opening of the outflow valve influenced by these two factors
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Figure 18: Comparison between the simulated and measured data
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synthetically. So, it is with the cabin pressure lines in
Figure 24, except for an additional dash line representing
the pressure in the control chamber.

When the aircraft accelerates, the inertia force acts as a
factor driving the outflow valve to close and driving the
cabin pressure to rise. But the surge in cabin inflow, which
significantly increases the cabin air pressure, pushes the out-

flow valve to open remarkably. So, the increase of the valve
opening (the dash line in Figure 23) at time t = 3 s is the
superposition effect of the two factors. At time t = 18 s, the
aircraft decelerates, and the inertia force pushes the outflow
valve to open. So, we can find that the dash line is higher
than the blue line at time t = 18 s because of the superposi-
tion effect. The pressure shown in Figure 24 reflects the
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Figure 20: Aircraft speed and acceleration.
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superposition effect of the cabin inflow and cabin outflow
and is also the synthetic result of the cabin inflow rate and
the outflow valve opening. Comparing these two figures, it
can be found that the change in cabin pressure is always ear-
lier than the change in the opening of the outflow valve. This
result can be explained in part by the passive regulating
structure of the PCPCS.

From the simulation results above, we find that aircraft
acceleration would disturb the PCPCS. But the impact of the
cabin inflow rate fluctuation is more drastic. The pressure
change rates shown in Figure 22 indicate that the PCPCS
model used in this section does not meet the requirements of

the relative cabin pressurization criteria. A possible explana-
tion for these results is the limitations of the dynamic capabil-
ities of the PCPCS. Another possible explanation for this is
that the cabin volume does not match the cabin inflow rate.

In a word, the modeling method presented in this paper
can not only reveal the relation of each part of the PCPCS
but also reflect the influence of the ambient environment
on the PCPCS during maneuvering flight. This helps analyze
the PCPCS and improve its performance to meet the strict
requirements of modern aircraft.

Finally, it should be clear that the modeling discussed in
this paper cannot represent all current pneumatic pressure
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control systems on aircraft. But their working principles and
physical structures are similar. The method provided in this
paper gives a new approach to analyzing the pneumatic
pressure control system.

6. Discussion

The model presented in this paper shows great accuracy and
demonstrates the dynamic process of the PCPCS under
maneuvering flights. There are other modeling methods to
describe the PCPCS. The dynamic modeling methods of
the PCPCS are similar, but there are several key points
between our methods and others:

(i) The acceleration of the aircraft does affect the action
of the outflow valve. The main reason why an outflow
valve is installed horizontally is to eliminate the influ-
ence of its gravity on the actions. But the components
of the PCPCS could be affected by the acceleration of
the aircraft during maneuvering flights. Previous
modeling methods did not consider this factor

(ii) As mentioned before, the 1D isentropic nozzle
model is not suitable for the calculation of the mass
flow rate of the outflow valve with a specially shaped
poppet. The CFD simulations help calculate the
mass flow rate as accurately as possible. And it helps
to establish a fitting model to calculate the mass
flow under different conditions

(iii) The outflow valve is a complex mechanism, the
pressure distribution on the diaphragms is different
under different working conditions. The previous
study approximated the pressure on the diaphragms
to the cabin pressure or the ambient pressure; this
leads to inaccurate conclusions about the PCPCS.
The CFD simulations in this paper help to find the
pressure distribution law of the outflow valve and
describe the PCPCS more precisely

7. Conclusion

In this paper, a new modeling method for pneumatic cabin
pressure control system was proposed. This method took the
influence of ambient environment change on the PCPCS dur-
ing maneuvering flight into consideration. The interference of
aircraft acceleration on PCPCS was discussed. And it was
pointed out that the flow field near the outlet of the outflow
valve affects the pressure distribution of the diaphragms. The
inertia force was added to the dynamic modeling of each part
in the PCPCS. And CFD studies were carried out to solve the
accurate pressure distribution near the outlet of the outflow
valve. Numerical simulations showed that the instantaneous
acceleration of the aircraft disturbs the PCPCS, and the fluctu-
ation of the cabin inflow rate has the most noticeable impact
on cabin pressure. The method presented in this paper is good
at analyzing the internal relations of each part of the PCPCS
and is helpful for PCPCS improvement to meet the require-
ments of modern aircraft.

Nomenclature

ΔPdp: Pressure difference between inlet and outlet of the
poppet, in the differential pressure section

ΔPip: Pressure difference between inlet and outlet of the
poppet, in the isobaric pressure section

a: Airplane acceleration
Aad : Effective area of the actuator diaphragm
Ab: Bottom area of the vacuum bellow, in the isobaric

pressure section
Abc: Area of the surface connecting the control chamber

and the balance chamber
Abd : Effective area of the balance diaphragm
Acc: Bottom area of the control chamber
Acc max: Maximum bottom area of the control chamber
Acc min: Minimum bottom area of the control chamber
Ad : Diaphragm area, in the differential pressure section
Adp: Effective area of the poppet, in the differential

pressure section
Aip: Effective area of the poppet, in the isobaric pressure

section
Dad1: External diameter of the actuator diaphragm
Dad2: Internal diameter of the actuator diaphragm
Fdd : Force generated by the pressure difference on both

sides of the diaphragm, in the differential pressure
section

FdI : Inertia force on the poppet, in the differential
pressure section

Fdpd : Force generated by the static pressure difference
acting on the poppet, in the differential pressure
section

Fdps: Force of the poppet spring on the poppet, in the
differential pressure section

Fdps0: Initial force of the poppet spring on the poppet, in
the differential pressure section

Fdr : Resistive force acting on the poppet, in the differ-
ential pressure section

Fds: Force of the spring on the poppet, in the differential
pressure section

Fds0: Initial force of the spring on the poppet, in the
differential pressure section

Fib: Force of the vacuum bellow on the poppet, in the
isobaric pressure section

Fib0: Initial force of the vacuum bellow on the poppet, in
the isobaric pressure section

FiI : Inertia force on the poppet, in the isobaric pressure
section

Fipd : Force generated by the static pressure difference
acting on the poppet, in the isobaric pressure
section

Fir : Resistive force acting on the poppet, in the isobaric
pressure section

Fis: Force of the spring on the poppet, in the isobaric
pressure section

Fis0: Initial force of the spring on the poppet, in the
isobaric pressure section

Fvad : Force generated by the pressure difference on both
sides of the actuator diaphragm, in the outflow
valve
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Fvbc: Force generated by the pressure difference between
the control chamber and the balance chamber, in
the outflow valve

Fvbd : Force generated by the pressure difference on both
sides of balanced diaphragm, in the outflow valve

FvI : Inertia force on the poppet, in the outflow valve
Fvr : Resistive force acting on the poppet, in the outflow

valve
Fvs: Force of the spring on the poppet, in the outflow

valve
Fvs0: Initial force of the spring on the poppet, in the

outflow valve
f dps: Viscous resistance coefficient of the poppet spring,

in the differential pressure section
f ds: Viscous resistance coefficient of the spring, in the

differential pressure section
f i: Viscous resistance coefficient of the poppet, in the

isobaric pressure section
f ib: Viscous resistance coefficient of the vacuum bellow
f is: Viscous resistance coefficient of the poppet spring,

in the isobaric pressure section
f v: Viscous resistance coefficient of the poppet, in the

outflow valve
f vs: Viscous resistance coefficient of the spring, in the

outflow valve
Kdps: Elasticity coefficient of the poppet spring, in the

differential pressure section
Kds: Elasticity coefficient of the spring, in the differential

pressure section
Kib: Elasticity coefficient of the vacuum bellow, in the

isobaric pressure section
Kis: Elasticity coefficient of the spring, in the isobaric

pressure section
Kvs: Elasticity coefficient of the spring, in the outflow

valve
Min: Mass flow of the air entering the cabin
Mout: Mass flow of the air leaving the cabin through the

outflow valve
mcc: Mass of the air in the control chamber
md : Mass of the poppet, in the differential pressure

section
mdps: Mass of the poppet spring, in the differential pres-

sure section
mds: Mass of the spring, in the differential pressure

section
mi: Mass of the poppet, in the isobaric pressure section
mib: Mass of the vacuum bellow, in the isobaric pressure

section
mis: Mass of the poppet spring, in the isobaric pressure

section
mv: Mass of the poppet, in the outflow valve
mvs: Mass of the spring, in the outflow valve
Pad : Pressure on the lower surface of the actuator

diaphragm
Pbd : Pressure on the lower surface of the balance

diaphragm
Pbc: Air pressure in the balance chamber
Pc: Air pressure in the cabin

Pcc: Air pressure in the control chamber
Pin: Pressure at the inlet of the inflow valve
Pts: True static pressure at the current altitude
R: Specific gas constant for air
Tc: Air temperature in the cabin
Tcc: Air temperature in the control chamber
Vc: Volume of the cabin
Vcc: Volume of the control chamber
v: Aircraft speed
x: Relative opening of the outflow valve
yd : Opening of the poppet, in the differential pressure

section
yd max: Travel of the poppet, in the differential pressure

section
ydps: Displacement of the poppet spring center of mass,

in the differential pressure section
yds: Displacement of the spring center of mass, in the

differential pressure section
yi: Opening of the poppet, in the isobaric pressure

section
yib: Displacement of the poppet spring center of mass,

in the isobaric pressure section
yi max: Travel of the poppet, in the isobaric pressure

section
yis: Displacement of the poppet spring center of mass,

in the isobaric pressure section
yv: Opening of the poppet, in the outflow valve
yv max: Travel of the poppet, in the outflow valve
yvs: Displacement of the spring center of mass, in the

outflow valve.
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