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Azero-dimensionalmodel of cockpit and cabin decompressionwith cockpit security door is presented. The hinged

panels in the security door were modeled to account for the pressure-equalization dynamics in the case of cockpit

decompression. A comprehensive isentropic and isothermal theoretical analysis is presented with many closed-form

and asymptotic solutions. New analytical estimates for the total decompression time and the pressure half-time

were derived. The simulations for typical corporate and large-transport-category airplanes with different cabin

geometries, discharge coefficients, rupture cross-sectional areas, pressure altitudes, and cabin altitudes have been

obtained. The case in which the cockpit depressurizes first and its effect on the cabin decompression and on the

security door integrity has been extensively studied. The recently required cockpit doorsmay be hazardous for flight

crew in the case cockpit depressurizes first and other venting and blowout panels malfunction or are too slow to

respond. The resulting pressure differential between the cockpit and the cabin can create instantaneous forces in

excess of 80 kN on the cockpit security door. In addition, this puts the crew in danger due to explosive decompression

on the time scale of 100 ms and increases the possibility of the security door being blown out of the frame.

Nomenclature

F = force, N or lb (1 lb� 4:45 N)
g = gravitational acceleration, m2=s or ft2=s
h = altitude, m or ft (1 m� 3:28 ft)
m = mass of air, kg or lb
_m = mass flow rate, kg=s or lb=s
p = pressure, Pa or psi (1 psi� 6894:7 Pa)
~p = pressure ratio (pc=pa)
R = gas constant, J=kgK (287 J=kgK for

dry-air mixture)
T = temperature (absolute), K
� = pressure decay half-time, s
� = angle of the swing panel, rad
� = isentropic (adiabatic) coefficient of expansion

(1.4 for dry-air mixture)
� = air density, kg=m3

� = time constant, s
� = decompression (total) time, s
� = subcritical (subsonic) decompression time, s
� = pressure-ratio function
 = coefficient
 0 = coefficient
� = supercritical (choked flow) decompression time, s

Subscripts

ACM = air cycle machine (air pack)
a = atmospheric (environmental)
c = chamber
cb = cabin
cc = cockpit
control = controlled leak (outflow valve)
i = inlet/in

leak = uncontrolled leak
o = outlet/out

I. Introduction

A N UNPROTECTED human organism is not adaptable to the
hazardous factors of very-high-altitude environment. Extended

exposure to low atmospheric pressure and temperature could be fatal
for unprotected human. The risk of death or irreversible serious
illnesses/injuries increases exponentially with the decrease of atmo-
spheric pressure. Therefore, the flight crew and the passengers must
use protective systems to maintain near-sea-level (SL) local pressure
and temperature. Passive protective systems such as pressurized
cabins are an excellent choice, as theymake human activity notmuch
different from that at low altitudes. Existing modern civilian jet
airplanes are flying at high altitudes, some of them exceeding
45,000 ft. French–British supersonic passenger jet Concorde
regularly cruised at altitudes of 55,000–59,000 ft, where the environ-
mental pressures and temperatures are extremely low. Physiolog-
ically, these Concorde altitudes can be regarded as space-equivalent
zones. According to the International Civil Aviation Organization,
the Federal Aviation Administration (FAA), and the Joint Aviation
Authority, flights above 51,000 ft would require pressurized
suits. The current aviation regulations also say that at no time could
airplane cabin altitude (CA) exceed 40,000 ft, and it could not
surpass 25,000 ft for more than 2 min.

For example, at 40,000 ft (12,200 m), the International Standard
Atmosphere (ISA) pressure is only about 18.8 kPa (2.73 psi), and the
air temperatures are about�56:5�C (217K). The boiling temperature
of water at this atmospheric pressure is about 59�C (332 K). Above
63,000 ft or 19,200 m (Armstrong line), the ISA environmental
pressure drops below 6.3 kPa (0.91 psi) and the boiling temperature
of water reaches the normal human body temperature (about 37�C).
Any prolonged exposure to such an environment could lead to
ebullism, anoxia, and ultimate death, after several minutes. These are
indeed very hostile conditions for human life. A good overview of
the effects of hypoxia, dysbarism, embolism, anoxia, ebullism, and
other high-altitude aeromedical factors of the human organism can
be found in a number of papers dealing with aviation and space
medicine [1–11].

A thin, yet very strong, structure of the airplane pressure vessel
provides a safety cocoon that protects pilots and passengers from the
lethal environmental effects. However, accidents caused by slow,
rapid, or explosive decompression have occasionally led to the loss
of airplanes and/or human lives. Especially today, in the age of a
renewed push toward the space tourism and suborbital passenger
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commercial flights and more frequent low-Earth-orbit and deep-
space manned flights, the problem of chamber decompressions
deservedly regainedour attention. In suborbital andorbitalflights, the
additional risks, such as the shower of the ultrafast micrometeorites,
can occur [12,13]. Such micrometeorites can punch large holes
in the aircraft/spacecraft structure, causing rapid decompressions.
Considering the increased frequency and duration of the future
suborbital and orbital tourism and scheduled commercial flights, the
decompressionproblemsandassociatedhazardshave tobe addressed
again. In addition, the installation of the new reinforced flight-deck
security door that seals the cockpit from the cabin during the flight
introduced some, perhaps unexpected, risks.

A simplified altitude profile of a typical high-altitude commercial
aircraft flight is shown in Fig. 1. Title 14 of the Code of Federal
Regulations (CFRs), commonly known as Federal Aviation
Regulations, restricts maximum CA to 8000 ft (CFR Sec. 25.841
[14]). At 10,000 ft the CA cockpit warning is issued, and at a CA of
14,000 ft, the passenger oxygen mask will deploy. Typically, in
commercial operations, the cabin rates of climb are set to no more
than 500 fpm, and rates of descent are not more than 300 fpm to
prevent any passenger discomfort. In most airplanes, the modern
pressurization/environmental system is completely automated,
requiring minimum input from the crew.

In the early jet age, the rapid-decompression accidents and the
subsequent loss of human lives were relatively frequent [15–17].
Several British-made Comet civilian jets (historically, the first
passenger jets in commercial service) were lost due to the structural
failures and rapid/explosive decompressions. In the early 1950s, the
problem of material fatigue was not well understood. Accordingly,
serious consideration has been given to the topic of cabin decom-
pression during the sameperiod, partly also due to thedevelopmentof
human space programs in the United States and the former U.S.S.R.
and thegrowth of the high-altitude passenger jet traffic.Occasionally,
incorrect maintenance of the airframe [15,16], instruments, equip-
ment, inappropriate operations [18], and engine blade separation
[17,19] led to in-flight failures and accidents that sometimes resulted
in a high human toll [16,17].

The recent FAA-mandated installation of reinforced cockpit
(flight-deck) security (safety) doors (Title 14 CFR Sec. 25.795 [20],
Sec. 121.313 [21], and Sec. 129.28 [22]), intended to prevent
unauthorized intrusion into the cockpit during flight, presents
a new, perhaps unforeseen, danger. In the case of rapid cockpit
decompression, an extreme force can be exerted on the security door.
Such a scenario can occur due to hail damage of the cockpit
windshield, bird strike, engine blade separation, crack propagation,
meteorite strikes at very high altitudes, etc. In the case of a pressure
differential of 41 kPa (6 psi) between the cockpit and the cabin, with a
door surface area of 2 m2 (21:5 ft2), about 82 kN (18,500 lb) of
force can be instantaneously exerted on the door and its frame.
The pressure differential and the force on the sealed cockpit door
might be too much for the frame structure to handle if the cockpit
depressurizes first. Passive and active internal venting (dado panels)
may malfunction, get clogged by flying debris, or simply not react
fast enough to relive the pressure differential on the security door.

A loose, heavy, armored door can be much more dangerous than no
door at all (or light door), as it could seriously injure or kill the flight
crew, jam and/or destroy flight controls, damage and destroy flight
instruments, and create mayhem in the cockpit. Such a scenario is
incredibly dangerous, as it may prevent emergency descent. The rise
of pressure differential and the force across the cockpit security door
may well be much quicker than the designed venting system is
capable of handling.

Passive and active venting between various pressurized chambers,
swing panels, and blowout panels in the security door are supposed to
minimize these risks [23–25]. But it is not clear that the existing
airplanes in service, now retrofitted with the intrusion-proof flight-
deck doors, have enough fast bypass-venting capacity to timely
reduce the peak forces on the door. This paper is also a contribution
toward better understanding of the complex aircraft decompression
phenomena and interaction with the security door pressure-
equalization panels.

A search of the National Transportation Safety Board (NTSB)
data on decompression accidents and incidents yielded only eight
decompression events in the past four years in the United States. Out
of these, only onewas a fatal accident. This definitely speaks well for
the safety of the pressurized cabin in flight, but it is not the whole
picture by anymeans. According to 49 CFR Part 830 [26], the NTSB
needs to be notified only under certain circumstances. There is
no direct requirement to notify the NTSB when an aircraft has
experienced decompression. However, according to other statistics,
the decompression incidents are much more frequent and many are
never reported [17,27].

Another source of information concerning events of decom-
pression comes from a voluntary reporting program in the United
States called the Aviation Safety Reporting System (ASRS). This is a
site set up by NASA and the FAA that encourages those involved
with aviation to report events, such as accidental oversights, whose
occurrence would encourage future policy development, human
factors research, education, and training. The results of a study of the
events in the ASRS and Australian Transportation Safety Board
databases are listed in [27]. The authors found that 32% of the
reported causes were due to the pressurization controller. The next
most common cause was the pressurization source. The remaining
21% were reported as structural failures. The authors of the report
also suggest that actually 40–50 rapid decompressions per annum
occur worldwide, but many stay unreported as long as there is no
damage, serious incapacitation, or injuries involved.

One of themost infamous accidents involving structural failures of
airframes and cabin decompression occurred in 1988 on an Aloha
Airline’s Boeing 737-297 (N73711) near Maui, Hawaii [16].
According to theNTSB report, Flight 243was at flight level (FL) 240
when a section of the upper fuselage separated from the aircraft near
the front passenger section. Approximately 18 ft were torn off.
Although the flight did make a successful landing inMaui, one flight
attendant was swept overboard from the force of the explosive
decompression and many passengers were injured from flying
debris. In-flight decompression incidents and accidents are thus
relatively common even today [18,19,28–30].

Haber and Clamann (H-C) [31] delivered a report in 1953 that was
considered a general theory of aircraft cabin decompressions. Their
model was zero-dimensional, assuming uniform pressure, temper-
ature, and density in the chamber. In addition to developing theo-
retical polytropic models of decompression, the authors also per-
formed measurements using small chambers. Their experiments
resulted in an average polytropic exponent of n� 1:16 averaged
over 75 decompression experiments. H-C also provided analytical
expression for the decompression time (DT), which includes critical
and subcritical outflow, but which also requires a separate diagram to
be used in calculating their pressure-ratio function. Still today, H-C
theory is considered a standard in aircraft decompression analysis.
The first published paper on cabin decompression comes from
Demetriades [32]. The author examines isentropic decompression of
a pressurized cabin in vacuum (spacecraft). Demetriades estimated
relationships between the initial and final pressures as a function of
DT. No repressurization was considered and the outflow did not

Fig. 1 Simplified altitude flight profile and airplane and cabin cb

pressure changes for a typical commercial flight (not to scale).
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include discharge coefficient correction. The idea in his paper was to
examine decompression dynamics and develop countermeasures
that would secure early human space flights. Mavriplis [33]
published an extensive lumped-parameter study of the decom-
pression of pressurized cabins for both atmospheric vehicles
(airplanes) and spacecraft. Many closed-form solutions for iso-
thermal, polytropic, and isentropic decompressions were derived.
Mavriplis also studied the effect of repressurization for aircraft and
spacecraft. In the case of three communicating compartments, the
Runge–Kutta fourth-order numerical simulation was used to solve
the complex interconnected-chambers decompression dynamics.
Mavriplis, just as with previous authors, did not consider the
dynamics of the valves and panels that separate those compartments.
However, we found the Mavriplis work to be the most useful for our
own investigations. Langley [23] studied compartmentalization of
aircraft using the marine ship experience and suggested using
it in airplane design. By sealing off different compartments, decom-
pression can be prevented from propagating throughout the whole
airplane. That would, however, imply that some passengers could be
sacrificed in a sealed-off compartment, which would not be an
acceptable solution today. Jakovlenko [34] calculated the excess
pressure in human lungs and the dangers of dysbarism in case of
space cabin decompression. The main feature of his mathematical
model was simultaneous computation of the air outflowing from
human lungs and lung expansion due to cabin decompression,
resulting in good agreement of experimental results and theoretical
predictions. Schroll and Tibbals [35] have presented a zero-
dimensional model and associated computer program with a
graphical user interface that simulates rapid aircraft cabin decom-
pression. Their model is based on a simple isentropic outflow and
cabin air state change to obtain depressurization dynamics. They
used discharge coefficient of 0.7 corresponding to rupturewith sharp
edges. The main objective of their work was to estimate the amount
of emergency oxygen supply accounting for emergency descent
toward safe breathable altitudes. However, no aircraft emergency
descent performance, multiple compartments, venting system
dynamics, and security door were included. The only paper dealing
with the problems of cockpit security door that we could find was by
Bréard et al. [36]. The authors used commercial 3-D computational
fluid dynamics (CFD) code to calculate the external velocity and
pressure distribution around the cockpit of a cruising airplane and the
internal flight-deck pressure distribution caused by side-window
failure. The CFD code solves the Navier–Stokes equations with
turbulence quantities. Bréard et al. simulated window panel break-
up in which a cockpit depressurizes very quickly, and then they
calculated the force on the blowout panels, pressure differential, and
the dynamics of cabin decompression. However, little insight has
been given about their model limitations and capabilities. Recently,
Pratt [25] considered the dynamics of passive and active venting
blowout panels and hinged doors between different pressurized
airplane compartments in case of rapid decompression. Mass and the
moment of inertia of the panels were considered, but otherwise the
model seems to be too simplistic. From the results it is very difficult
to estimate the reliability of Pratt’s model. Some inconsistencies,
errors, and inaccuracies were noted in his work. No cockpit security
door and hinged panels were modeled in Pratt’s work.

II. Mathematical Model

A. General Formulation

A simple zero-dimensional (lumped-parameter) mathematical
model with spatially uniform air pressure, temperature, and density
temporal change in the airplane’s pressurized vessel is presented. In
general, the thermodynamic changes in the air are irreversible and
polytropic [31,33,37], as they include heat transfer and water phase
change, but in the case of explosive decompression (less than
500 ms) or rapid decompression (less than 10 s), a reversible
adiabatic change can be assumedwith reasonable accuracy. The case
of slow decompression (more than 2 min) can be approximated by
isothermal expansion, in which the air cooling due to expansion will
be compensated by the aircraft’s environmental system; in between

(say, 10–120 s), the polytropic processmust be used. This requires an
additional energy, and possibly entropy, equation in a differential (or
integral) form to be solved simultaneously.

In this studywe did not separatelymodel the pressurized cargo and
avionics compartments. The passive and active venting systems
enabling communication with the cabin are assumed to be instan-
taneous. Other assumptions and limitations adopted in the present
model are as follows:

1) The effect of relative humidity (RH) and latent heat of
condensation and sublimation is neglected. The airplane environ-
mental air is usually very dry.

2) The cabin and the cockpit volume do not change with the air
pressure. In reality, there is a very small volume change caused by
pressurization, but it will be neglected here.

3) The atmosphere is regarded as an infinite volume of air and the
atmospheric pressure does not changewith the outflowof the cabin or
cockpit air.

4) Airplane maintains altitude and the atmospheric pressure is
constant. In reality, this means that no emergency descent maneuver
is initiated.

5) Air is regarded as an ideal (perfect) gas.
6) The air properties are uniform throughout the volume. No

spatial dependence is modeled. The model has lumped parameters.
7) The diabatic mass flow rate through the rupture is accounted for

by using the experimental discharge coefficient.
8) There is no cockpit air RAM pressure recovery if the side

window breaks.
9) The local outside pressure variations along the fuselage caused

by variable local velocities are accounted for by using an equivalent
average flight level (altitude).

10) The dynamics of passive and active venting through the
pressurized cargo departments or other passages and chambers were
neglected in this study. It is assumed that the cargo air is immediately
available for cabin decompressions.

We are modeling processes in the cockpit and cabin-cargo
compartments separately. In this study, the only possible com-
munication between the cockpit and cabin is through the hinged
flap/panel in the cockpit security door, with the purpose of relieving
the excessive pressure differential when flight-deck decompression
occurs first. This communication is one way only, i.e., the pressure
cannot be equalized through thedoor panels if the cabindepressurizes
first. In general, decompression can occur in the passenger cabin,
crew cockpit, or both in the same time.

Furthermore, we assume the decompression to occur during level
cruise flight. The airplane emergency descent was not modeled here.
It normally would take a minimum of 6–10 s for pilots to initiate the
emergency descent: donning the oxygenmasks, establishing oxygen
flow and communication, checking bleed air and air packs, and
perhaps reconfiguring the airplane before the descent is started. In
addition, the atmosphere is quite flat (dp=dh is small) at cruising jet
altitudes, and no significant change in atmospheric pressure occurs
for an altitude change of several thousand feet. Normally, it would
take a well-trained and coordinated crew over 1 min to descend
below 25,000 ft from the most common cruising altitudes (33,000–
39,000 ft).

In Fig. 2, the simplified schematic drawing of the cockpit-cabin
pressure vessel is shown. It is assumed in this study that cabin(s)
can communicate with cargo compartment(s) instantaneously and
without any resistance, making cargo air available in decompression.
ISA conditions will be used when calculating environmental air
variables. The airplane’s environmental pressurization and air-
conditioning system (air packs) are continuously providing relatively
dry (RH of 30–35%) conditioned air to the cabin and cockpit
[24,38,39]. Because of the installed security doors, which are
closed and locked during the flight, these two air reservoirs do not
communicate. Conditioned air is continually supplied to the cabin
and cockpit ( _mi) by separate air packs, tomaintain pressure and offset
ever-present uncontrolled vessel leakage.Outflowvalve(s) operate to
maintain the cabin pressure in a specified range [24]. The safety relief
valvewill open if necessary to reduce the excess pressure differential,
thus protecting the structural integrity of the pressure vessel. The
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airplane’s pneumatic bleed-air pressurization and environmental
control systems (ECSs) for large transport-category airplanes, for
example, are described in [24] and, particularly for the Boeing 767-
300ER, in [38,39].

In a level cruising flight at constant airspeed, the inflow of the air-
conditioned air from the air packs is assumed to be constant. The
mixture of fresh and filtered recirculated air will offset air lost due to
uncontrolled leakage, and the excess air will leave the pressure vessel
through the outflow valve as controlled discharge. Normally, air is
exchanged many times per hour in an airplane cabin. Hunt et al.
[38,39] examined cabin environment, air quality, and pressurization
for a Boeing 767-300ER, a popular twin-engine wide-body com-
mercial jet transport.

The integral mass balance for the pressurized chamber, when the
outflow valve is not fully closed, can be written as

dmc

dt
� _mACM � _mleak � _mcontrol � 0 _mACM � const (1)

We also assumed the inflow of air-conditioned pressurized air _mACM

to be steady for the constant engine fan (N1) speed. When the out-
flow valve is fully closed, _mcontrol � 0. Accordingly, the outflow
valve(s) cannot compensate for any additional uncontrolled leaks,
_mACM � _mleak � 0, where _mACM � const.
The maximum pressure differential is a structural limit that

restricts the airplane’s maximum certified flight altitude, so that CA
does not exceed 8000 ft (10. 92 psi or 75.2 kPa ISA). For example, a
Boeing 767-300ER has maximum pressure differential of 8.6 psi,
restricting the airplane’s maximum certified altitude to 2.32 psi
(43,100 ft), although the B767’s aerodynamic ceiling is higher.
Recently, there has been a renewed interest to lower the maximum
CA to 6000 ft, which would require higher pressure differentials or
flying at lower altitudes. It is very unlikely that airplanes will fly at
lower altitudes, so the airplane manufacturers will have to build even
stronger pressure vessels, perhaps by using advanced lightweight
composite materials (e.g., new Boeing 787 or Airbus 350).

Conditions inside the cabin are defined as pcb, Tcb, and �cb.
Similarly, for the cockpit, we have pcc, Tcc, and �cc. Outside
(atmospheric) conditions are defined as pa, Ta, and �a. Atmosphere
is regarded as a perfect infinite sink. When rupture occurs in the
fuselage structure, the pressure differential will cause outflow of
pressurized chamber air until the internal pressure stabilizes with
respect to the existing inflow of the conditioned air and the outflow
caused by the lower local atmospheric pressure.

The temporal change of the chamber (cabin or cockpit) air pressure
can be estimated from an integral mass balance equation. We use the
subscript c to denote any pressurized airplane chamber, and in our
case, it can be either cabin or cockpit-cargo combination:

dmc

dt
� _mi � _mo (2)

where _mo is uncontrolled outflow through the rupture in the pressure
vessel and _mi is the repressurization inflow of air, which is in excess
of the air required _mACM to offset the regular uncontrolled leaks in the
structure. In this way, we can simulate repressurization scenarios in

which extra air is pumped into the cabin for the purpose of reducing
the rate of pressure drop and increase of the CA. However,
repressurization (recompression) is technically difficult to achieve
and has been considered for many years. In existing commercial
airplane designs, it is not possible to achieve significant
repressurization, and so _mi will always be zero in our simulations.
However, wewill carry on derivations with repressurization in mind,
as that will provide generality to our approach and can be helpful for
future studies on recompression rates required in various decom-
pression situations.

In the case of decompression, the outflow valve would close
quickly, unsuccessfully trying to maintain the chamber pressure.
Therefore, we are primarily interested in the cases in which the
outflow valve(s) are already fully closed. If the outflow valve(s) were
able to compensate for the additional leaks by closing some more,
that would have been a trivial case, not requiring our analysis. Since
the chamber volume does not change, and by using the ideal-gas law,
the total change of cabin air density is

1

RTc
� dpc
dt
� pc
RT2

c

� dTc
dt
� 1

Vc
� _mi � _mo�

) dpc
dt
� nRTc

Vc
� _mi � _mo� (3)

where n is the unknown polytropic coefficient of expansion.
Obviously, to solve for the three unknowns of chamber air pressure
pc, absolute temperature Tc, and air density �c, one needs three
simultaneous equations; differential and/or algebraic. The above
derived mass balance provides one equation, and the ideal-gas law
with particular relationships between thermodynamic variables
(equation of state) provides the second equation. However, we do
need a third equation, and the energy equation is the best candidate
for that.

The uncontrolled outflow from the pressurized chamber to out-
side environment will occur either under sonic (choked or critical/
supercritical) or subsonic (subcritical)flow conditions in the throat of
the rupture [32,33,37,40–43]. For sonic conditions to occur, a certain
critical ratio between the chamber and the environmental air pressure
must exist.

If the chamber air pressure is roughly twice, or more, the environ-
mental air pressure (p�c � 1:893pa) and the mass flow rate through
the rupture will be at theoretical maximum, with the local Mach
number in the rupture throat equal to one. Otherwise, the flowwill be
subcritical. Accordingly, our mathematical model will be separated
into two parts, one modeling choked flow and the other modeling
subsonic flow:

pc 	 p�c ! choked or sonic flow �M� 1� _mo � f�pc�
pc < p

�
c ! subsonic flow �M< 1�; _mo � f�pc; pa�

When the Mach number reaches 1 in the narrowest part of the
opening (throat) of the simple rupture, the mass flow rate is at the
theoretical maximum. Then the outflow depends on the upstream
(chamber) pressure only, but not at all on the downstream pressure
[32,33,37]:

_mo;max � CDA 
pc
RTc

�����������
�RTc

p
� Aeff 

���
�
p���������

RTc
p pc � Aeff 

0 pc���������
RTc
p (4)

Here,CD: < 1 is the discharge coefficient andA is the cross-sectional
area of the rupture (opening, crack, hole, compromise, puncture).
The discharge coefficient is the ratio between the actual diabatic (or
possibly fast adiabatic) irreversible outflow and the theoretically
maximum possible or isentropic outflow [37]. The product of the
rupture cross-sectional area and the discharge coefficient is actually
the effective cross-sectional outflow area Aeff . For a dry-air mixture,
we have � 
 cp=cv � 1:4, R� 287 J=kgK, and

 

�

2

�� 1

� ��1
2���1�
� 0:5787  0 
  �

���
�
p
� 0:6847

Fig. 2 Simplified schematic of the airplane pressurization. Passenger

cabin and cargo compartment communicate without any delay. No other
passive or active venting dynamics between these chambers were

modeled (not to scale).
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when the chamber air versus atmospheric pressure ratio (PR)
decreases to a critical ratio:

pa
p�c
�
�

2

�� 1

� �
��1
� 0:5283) p�c � 1:893 � pa (5)

The outflow transitions smoothly from choked to subsonic
(subcritical) and the mass flow rate now depends on the outside
(atmospheric) pressure as well [32,33,37,40–43]:

_mo � CDA �u�c � Aeff

���������������������������������������������������������������������
2 � �
� � 1

�cpc

��
pa
pc

��2��
�
�
pa
pc

����1� ��s

� Aeffpa

�
2 � �
� � 1

�
1=2
�

1

RTc

�
1=2

~p
��1
� �1 � ~p

1��
� 
1=2 (6)

where ~p� pc=pa, is the dimensionless chamber-to-environment
pressure ratio, with the cross-sectional averaged outflow velocity

�u�

����������������������������������������������
2 � �
� � 1

RTc�1 �
�
1

~p

���1
�




s

�
�
2 � �
� � 1

�
1=2

�RTc�1=2
�
1 �

�
1

~p

���1
�

�
1=2

(7)

Although the air pressure change in the chamber can be isothermal,
isentropic, or, in general, polytropic, the discharge process through
the rupture is modeled as isentropic. This is a reasonable assumption,
as the outflow is very rapid and the puncture nozzle is relatively short.
However, to account for the friction, jet contraction, and diabatic
outflow, a discharge coefficientCD is used [31,37,40–43]. The easiest
way to estimate the discharge coefficient is tomeasure it, but this is of
no practical use, as the exact geometry of the rupture is unpredictable
in most cases and can vary dramatically. Using the complicated,
expensive, and time-consuming CFD codes just to model the dis-
charge coefficient takes us away from the fundamental problem and
does not increase the accuracy significantly. Thebestway to dealwith
this uncertainty in discharge coefficient is to perform sensitivity
analysis by varying the value of CD.

In Fig. 3, the dynamics are shown of the chamber’s decompression
into atmosphere or vacuum, with and without repressurization. If
the atmospheric pressure has nonzero value, then the transition to
subcritical flowwill occur at a chamber pressure roughly equal to 1.9
times the atmospheric pressure. In addition, theminimumpressure to
which the chamber pressure can decrease is the atmospheric pressure
pa. In the case of practical vacuum (spacecraft), the pressure will
decrease to zero and the recompression from reserve air will keep the
chamber pressure higher than vacuum.

B. Isothermal Model of Chamber Decompression

The simplest possible form of the energy balance equation is to
assume that the uniform chamber temperature stays constant

(T � const.) during decompression, resulting in isothermal change,
where n� 1 in Eq. (3):

dpc
dt
� RT

o
c

Vc
� _mi � _mo�Tc � Toc (8)

The constant chamber temperature approximation during slow
decompression results in

_mo � _mo;max � K � pc

K � CD � A �  �
���
�
p�������������

R � Toc
p � Aeff �  0�������������

R � Toc
p � const

(9)

It follows that the parameterK is directly proportional to the effective
rupture area and inversely proportional to the square root of the initial
(constant) air chamber temperature. Since the repressurization or
recompression inflow is assumed to be constant, the differential
equation is linear with constant coefficients and can be easily solved
analytically:

dpc
dt
�RT

o
c _mi

Vc
�RT

o
cK

Vc
�pc�A�B �pc)

dpc
dt
�B �pc�A (10)

As long as the outflow is choked, the chamber does not know or care
about the outside environmental pressure. Decompression into
vacuum (neglecting noncontinuum effects) will continue until equi-
librium zero pressure is achieved, in which case Eq. (10) is valid and
has the solution consisting of a particular and a homogeneous part:

pc�t��p1c � �1� e�Bt��poc � e�Bt p1c �
A

B
�� 1

B
(11)

The reciprocal value of constant B is actually the time-constant � of
the outflow process and

�� RT
o
c

Vc
A� RT

o
c _mi

Vc
� � � _mi

B� � � K �
�
Aeff

Vc

�
�  0 �

�������������
R � Toc

p (12)

The process of pressure change in Eq. (11) is a rather interesting one.
We have two exponential functions, one decreasing monotonically
with time from the initial chamber pressure to zero as described by
the homogeneous solution and the other rising from zero and
asymptotically approaching the final chamber pressure described
by the particular solution and depending on the extra inflow of
repressurization air. This analysis is strictly valid for isothermal
spacecraft or suborbital aircraft decompression in practical vacuum.

The effect of repressurization is not only to maintain higher
pressure than environmental, but also to reduce the rate of pressure
drop, which is important for human physiological response and
enables more time for countermeasures. The pressure drop now
becomes

dpc�t�
dt

��poc � B � e�Bt � A � e�Bt (13)

from which it is obvious how repressurization reduces
decompression rate. At the initial instant, the total pressure change
rate is

dpc�0�
dt

��poc � B� A � 0 (14)

The speed of pressure decrease in excess of 650 psi=s (4:48 MPa=s)
may cause serious lung hemorrhage [33]. Although not a particular
problem in an airplane cabin, unless total cabin destruction occurs
almost instantaneously, it could be a problem in a cockpit.

Obviously, the choked outflow cannot continue for the entire time
unless the outflow is in vacuum, and then only in an approximation.
Demetriades [32] did not make this distinction in his study of
depressurization of spacecraft cabins, but, in all honesty, it would not
make a big difference, since pressures at which continuum vanishes

Fig. 3 Decompression processes into vacuum or finite atmosphere with

and without repressurization (recompression) (not to scale).
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are much below the minimum pressure required for human survival.
The final chamber pressure reached in vacuum is thus

lim
t!1

pc�t� � pc�1� � p1c �
A

B
� _mi

K
� _mi

Aeff �  0
�������������
R � Toc

p
The larger this ratio, the slower the chamber will decompress and the
higher the final pressure will be. This method is used in spacecraft
decompression prevention.

In the case when repressurization is negligible, the critical out-
flow into vacuum will only contain the homogeneous solution of
the differential equation (11). However, when discharged into
atmosphere, the choked outflowwill continue only as long as the PR
is higher than critical:

pc��� � poc � e�B�� � 1:893 � pa

The elapsed time for which the choked chamber isothermal
expansion exists can be now estimated from

�� � � ln �0:5283 ~po� �
�
Vc
Aeff

�
ln �0:5283 ~po�
 0

���������
RToc
p (15)

where ~po � poc=pa � const is the initial chamber-to-environment
pressure ratio. This is the same result obtained previously in [33]. In
the case of chamber air temperature of 296K, this reduces to a simple
expression when ~po 	 1:893:

�� 1

200

�
Vc
Aeff

�
ln �0:5283 ~po� � � 1

200

�
Vc
Aeff

�
� B�1 (16)

If the recompression air is pumped into the chamber, the supercritical
(choked) DT is calculated from Eq. (10):Z

1:893pa

poc

dpc
A � B � pc

�
Z

�

0

dt��

) �� 1

200
�
�
Vc
Aeff

�
� ln
�

A � B � poc
A � 1:893 � pa � B

�
(17)

Even small recompression can significantly reduce the pressure drop
rate and lower the final CA. In retrospect, isothermal approximation
is inaccurate for rapid decompression, as it would be impossible to
maintain constant air temperature in rapid expansions.

A nonlinear ordinary differential equation (ODE) for the iso-
thermal change with subsonic outflow in the rupture throat and with
constant repressurization rate can be written as

d ~p

dt
� RToc
paVc

� _mi�
Aeff

Vc
�R �Toc �1=2

�
2 � �
�� 1

�
1=2

~p
��1
� �1� ~p

��1
� �1=2 (18)

In the case of the initially constant chamber air temperature of 296 K
and no repressurization, this reduces to

d ~p

dt
��771 � Aeff

Vc
� ~p2

7 � �1 � ~p
�2
7 �1=2 (19)

The following indefinite integral represents the isothermal subsonic
PR function and can be represented in terms of elementary functions:

�t� ~p� �
Z

~p

1

d ~p

~p
2
7 � �1 � ~p

�2
7 �1=2

�
Z

~p

1

d ~p

~p
1
7 � � ~p2

7 � 1�1=2
� �

��������������
~p
2
7 � 1

q
�

�
�
7

5
� ~p4

7 � 28

15
� ~p2

7 � 56

15

�
(20)

The total subcritical isothermal decompression takes place between
pressure ratios ~po of 1.893 to 1. The DT for entire isothermal sub-
critical (subsonic) expansion without repressurization is now

� �
Z
�

0

dt��t�1:893�
771

�
Vc
Aeff

�
� 4:63 � 10�3

�
Vc
Aeff

�
(21)

In the case when isothermal decompression starts in the subcritical
range (entirely only subsonic outflow) with the same air temperature
of 296 K, the DT becomes

� � 1:3 � 10�3 ��t� ~po� �
�
Vc
Aeff

�
1 � ~po < 1:893

�t�1� � 0 (22)

The total isothermal DT is a sum of the supercritical and subcritical
decompression times. For air at 296 K and no recompression, we
obtain

� � 4:63 � 10�3
�
Vc
Aeff

�
� �1� 1:08 � ln �0:5283 ~po�
 ~po 	 1:893

(23)

The theoretical model of isothermal decompression derived here
serves us sufficiently well in analyzing slow-decompression
scenarios on the order of several minutes.

C. Isentropic Model of Chamber Decompression

The previous model assumed the isothermal chamber’s change,
which is a good approximation during slow decompressions (greater
than 2–3 min). The model will now be expanded to include changes
in both pressure and temperature during the isentropic (explosive or
rapid) decompression. Such an isentropic (adiabatic and reversible
or constant entropy) model in which heat transfer and irreversible
effects have been neglected is more representative of rapid/explosive
decompressions.

Using the first law of thermodynamics [37] for an isentropic
process and employing the pressure–density–temperature relation-
ship in the form of an ideal-gas law, one obtains familiar isentropic
relationships:

Tc
T0
c

�
�
pc
p0
c

���1
�

) Tc�t� � T0
c �
�
pc�t�
p0
c

���1
�

(24)

This expression can be substituted into themass balance equation (3)
to obtain the expression in terms of the pressure rate:

1

RTc
� dpc
dt
� pc
RT2

c

�
�
R � Tc
pc � cp

� dpc
dt

�
� 1

Vc
� _mi � _mo� (25)

Noting that the chamber pressure and temperature are now both
functions of time, this equation can be reduced further using Eq. (4)
for choked (supercritical) outflow, n� �:

dpc�t�
dt

� �RTc
Vc
� _mi � _mo� � ��R�

�
_mi

Vc

�
Tc�t�

�
�
Aeff

Vc

�
� 0�

����
R
p
�
�����������
Tc�t�

p
pc�t� (26)

However, temperature can be removed from Eq. (25) by using the
isentropic relationships, resulting in

dpc�t�
dt

� ��R�&
�
_mi

Vc

�
p���1�=�c �

�
Aeff

Vc

�
� 0�

����
R
p
�&1=2p�3��1�=2�c

(27)

where &� T0
c=�p0

c�
��1
� is a constant depending on the initial chamber

conditions. There are no obstacles in numerically solving this
equation. However, some approximate solutions can be deduced
from Eq. (27).

In the case of polytropic change, one need only to replace the
coefficient of adiabatic (isentropic) expansion � with the polytropic
coefficient n. The problem is that the polytropic coefficient is not
known a priori and will depend on the rate of heat transfer and other
irreversible effects. In the case of isothermal change without
repressurization, n� �� 1, Eq. (26) reduces to Eq. (10).
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Let us now analyze the nonlinear ODE in Eq. (27) more closely.
The first term on the right-hand side (RHS) is a term dependent on the
repressurization (recompression) air and can be set to zero for all
practical purposes in today’s airplanes. The second term on the RHS
is thus normally much larger than the first, resulting in

dpc�t�
dt

��
�
Aeff

Vc

�
� 0�

����
R
p
�&1=2p�3��1�=2�c (28)

This ODE can be separated and integrated analytically to yield

pc�t� � p0
c

�
1 �

�
Aeff

Vc

��
 0

1 � �
2

���������
RT0

c

p �
t

�
2�=�1���

(29)

This is the same solution obtained originally by Demetriades [32],
which was derived here independently using a slightly different
approach. Particularly for air at the initial cabin temperature of
296 K (23�C), �

pc
p0
c

��1
7

� 1� 40

�
Aeff

Vc

�
� t (30)

This expression is similar to the expression obtained in [32] for the
depressurization of sealed spacecraft cabins. The duration of the
choked (supercritical) decompression is thus

�� 0:025

�
Vc
Aeff

�
��0:5283 ~po�1=7 � 1
 ~po 	 1:893 (31)

The previous analysis represented theoretical model of the choked
(supercritical) outflow. On the other hand, for the subcritical
(subsonic) outflow, we have

dpc
dt
� �RTc�t�

�
_mi

Vc

�

� �RTc�t�
�
Aeff

Vc

� �������������������������������������������������������
2�

� � 1
�cpc��

pa
pc
�2� � �pa

pc
���1� 


s
(32)

Together with the chamber’s isentropic temperature change
relationships, this yields a complete mathematical model of sub-
critical decompression. After tedious reductions and rearrange-
ments with the assumption of zero recompression, one obtains

d ~p

dt
��

�
Aeff

Vc

�
� � �

�
2 � �
� � 1

�
1=2 �������������

R � Toc
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Separating the variables and integrating,Z
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(34)

For air as a working fluid, the integral on the left-hand side
represents isentropic PR function and can be obtained in closed-
form via elementary functions:
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 (35)

In particular, the integral between limits of subcritical outflow
(1.893 to 1) yields a value of about 3.453. Using chamber air at
296 K, the total time elapsed during subcritical isentropic decom-
pression is

� � 3:5 � 10�3
�
Vc
Aeff

�
~po � 1:893

�s�1:893� � 3:452856638 (36)

Interestingly, isothermal and isentropic PR functions do not differ
much, with maximum difference being less than 3.4% at the very
end of the interval, where PR� 1:893. Mavriplis [33] used the
average value of these two functions in his calculations. By
comparing Eqs. (21) and (36), we conclude that isentropic expan-
sion is about 25% shorter than isothermal. In the case when
decompression starts in the subcritical range (entirely only subsonic
flow), and with the same air properties as above, the DT becomes

� � 9:26 � 10�4 ��s� ~po� � ~po1=7
�
Vc
Aeff

�
1 � ~po < 1:893 �s�1� � 0 (37)

The total (super- and subcritical) DT for chamber air’s isentropic
expansion [Eqs. (31) and (36)] is thus

� �
�
Vc
Aeff

�
� �0:0228� ~po�1=7 � 0:0215
 ~po 	 1:893 (38)

In the case of isentropic expansion, the time required for the cabin
pressure to halve (DHT), provided the outflow remains choked, is

�1=2 �
0:0449

�Aeff
Vc
� �

������
T0
c

p pc �
p0
c

2
(39)

The DHT value cannot be simply doubled to arrive at the actual total
DT, since outflow will necessarily slow down as the conditions in
the throat of an opening transition to subcritical. For the initial
chamber temperature of 296 K, the isentropic DHT without
repressurization becomes particularly simple:

�1=2 � 0:0026 �
�
Vc
Aeff

�
~po 	 3:786 (40)

The chamber temperature at this DHT is a fixed ratio of the initial
cabin temperature and for 296 K, one can write with sufficient
accuracy,

Tc;1=2 � T0
c �
��
pc�t�
p0
c

���1
2�

�
2

� T0
c

�1� 2:32 � �Aeff
Vc
� �

������
T0
c

p
��1=2
2

� 0:82 � T0
c (41)

This temperature and pressure half-time parameters provide simple,
yet reliable, characterization of the rapid-decompression process
and no separate diagram, such as in the H-C model [31], or other
inputs or variables are required.

D. Model of the Cockpit Security Doors Hinged Panel Dynamics

A mathematical model of cabin-to-cockpit flow through the
hinged (swinging) panels in the intrusion-proof sealed cockpit
security door is presented. We assume two stainless-steel hinged
panels with dimensions of 30 � 30 cm and 1 cm thickness. No
particular commercial model of the cockpit security door is modeled.
The analysis presented here can also be applied to other venting
passages between different pressurized airplane chambers (dado
panels).

The hinged panels may be protected by screens on the cabin side.
The panels are prestressed with a torsion spring at 300 Nm to
withstand the force of 2 kN (450 lb) in the center of the panel. When
the threshold pressure differential of about 22.2 kPa (3.22 psi) is
reached between the cabin and the cockpit, the panels start swinging
to open. The outflow area will be the function of the pressure
differential and the panel opening angle �.

The FAA regulation Title 14 CFR Part Sec. 25.795 [20] for large
transport-category airplanes requires the cockpit security door to
withstand the impact of 300 J (Nm) at its weakest point. That would

496 DAIDZIC AND SIMONES



correspond to a 150 kg (330 lb) person running into the security door
at 2 m=s (6:6 ft=s) or an almost 67 kg (148 lb) person hitting the door
at 3 m=s (9:9 ft=s).

The schematic of the cockpit security door and the hinged panels is
shown in Fig. 4. The conservation of the angular momentum for the
individual hinged panel yields

I � d
2�

dt2
�
X
i

M (42)

The moments (torques) acting on the single hinged panel areX
i

M � �Ap � cos �� ��p�t� �
b

2
� cos � � �0 � k � � �Wp

� sin � � b
2
� � d�

dt
(43)

where the detent torque can be calculated from the pressure (force)
required to starting opening the panels:

�0 ��p� � Ap �
b

2
��p� � ab

2

2
� F� � b

2
(44)

The momentum on the panel is proportional to the pressure
differential. The resultant force acts in the center of pressure. The
moment of inertia of a rectangular panel (a� 0:3 m and b� 0:3 m)
and thickness (�� 0:01 m) is

I �
Wp � b2
3 � g �

mp � b2
3

The mass of the stainless-steel hinged panel (�p � 7450 kg=m3) is
mp � a � b � � � �p � Ap � � � �p, where Ap � a � b is the surface area
of the door. The differential equation for the hinge angle is,
accordingly,

I � d
2�

dt2
��p�t� � Ap �

b

2
� cos2� � �0 � k � � �mp

� g � sin � � b
2
� � d�

dt

IC: t� 0 �� 0 _�� 0 � 	 0 8 t� �0;1�
�p�t� � pcb�t� � pcc�t� (45)

The open area for communication between the cabin and the cockpit
for two panels will be the function of the hinge angle:

Aopen��� � 2 � a � b � sin �� a2 � sin � � cos � (46)

The discharge coefficient will also be a function of the hinge angle.
We propose the following relationship, which also includes the
resistance of screens in front of the panels:

cD��� � cD0 � 0:5 � sin �

where cD0 � 0:3.
The panels can only open in the direction of the cockpit. The

panels cannot rotate toward the cabin past the stops in the panel
frame. This is also to prevent cockpit depressurization if the cabin
depressurizes first. Cockpit pressure can vent through dado panels to
prevent excessive force on the cockpit door. The spring that resists
the opening of the hinged panels is assumed to be linear within its
working range. However, it would present no problem to include
hard- or soft-spring effects. The prestressed static resistance must be
overcome first before the hinged panels start to open. The hinged
panels are flushed closed due to the prestressed torsion spring,
���� � �0 � k � �, with �0 � 300 Nm, and k� 175 Nm=rad.

The implication of this is that the pressure difference needs to
reach about 22.2 kPa (3.22 psi) before the panels start opening. The
temporal force on the door can be calculated at any time as

Fd�t� ��p�t� � �AD � 2 � a � b � sin �� AD �H � L (47)

This force can reach extreme values and stay high for extended
periods, which could possibly dislocate the door from the frame and
blow it into the cockpit with the catastrophic consequences. The
strongly nonlinear second-order ODE for panel hinge angle is now

I � d
2�

dt2
� � d�

dt
� k � ��mp � g � sin � �

b

2
��p�t� � Ap �

b

2

� cos2����0

t� 0 �� 0
d�

dt
� 0 � 	 0 8 t� �0;1� (48)

The pressure differential provides a normal force that is dependent on
the hinge angle �. Both hinged panels will start opening after the
pressure difference of 22.2 kPa has been reached between the cabin
and the cockpit. The panels may swing past 90�, which would be
caused by rotation inertia. Oscillations in hinged panel rotations are
certainly to be expected, and the amount of damping in the hinge
mechanism controls the decay of oscillation amplitudes. Although
oscillating, the panels will be closing on average, due to prestressed
spring torque, weight, and the decreasing pressure differential
between the cabin and the cockpit. Once the pressure differential
drops below 22.2 kPa (3.22 psi), the panelswill stay closed. Thus, the
cabin will end up at a somewhat higher pressure (lower CA) than the
cockpit, which would provide additional benefit. In reality, passive
and active vents would increase cabin pressure altitude further, albeit
with some delay. The outflow through the two door panels will be
choked or subcritical, depending on the pressure ratio between the
uniform cabin and cockpit pressures.

III. Methods and Materials

A. Aircraft Configurations

We used two different airplane types in decompression
simulations. The first is The Boeing Company’s commercial twin-
engine heavy jet B767-300ER (extended range) and is currently still
the most popular and most common airplane on long-range routes.
Boeing 767-300ER has a net cockpit volume of 8 m3 (282 ft3) and
the net available cabin and cargo (aft and forward) air volume of
about 980 m3 (34; 582 ft3). The maximum pressure differential for
the pressure vessel is 8.6 psi (59.31 kPa). The second aircraft for
which decompression events were simulated is a new Raytheon
business jet: Hawker 4000. The Hawker’s cockpit volume is 150 ft3

(4:25 m3) and the cabin has a net volume of 762 ft3 (21:58 m3).
The Hawker 4000 has maximum structural pressure differential of
9.8 psi (67.58 kPa) and can maintain SL cabin altitude up to
25,240 ft (7,695 m). The limitation of maximum structural pressure
differential was strictly observed in simulations for each airplane
model.

The uniform atmospheric pressure at the effective FL 390 is
19.68 kPa (2.85 psi), and the cabin pressure of 78.959 kPa (11.45 psi
or about 6500 ft CA) was used for B767. This corresponds to the

Fig. 4 Schematic of cockpit security door with two hinged swinging

panels.
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B767-300ER’s maximum structural pressure differential. The
Hawker 4000 pressure vessel can sustain larger maximum pressure
differential, and the cabin pressure used in simulations was 12.65 psi
(87.23 kPa or about 4000 ft CA), resulting in lower CA than B767
with the fully closed outflow valve(s). The uniform cabin and cockpit
temperaturewas 23�C (296K) for both airplanemodels. The effect of
the local atmospheric pressure and air velocity distribution has been
replaced by the equivalent ISA altitude and local static environmental
pressure. The ISA model was used to describe the environmental
changes with altitude [44].

B. Numerical Simulation

The in-house-developed simulation program based on the
MATLAB platform was used. Numerical integration of the set of
coupled nonlinear first-order ODEs was performed using the
MATLABODE solver ode23s. This solver has an adaptive step-size
feature obtained through solving the ODE using the second- and the
third-order Runge–Kutta methods. This methodology is applicable
to stiff systems, in whichmultiple time constants coexist [40–43,45–
47]. The initial time step used was 20–25 ms for slower decom-
pressions, down to 0:1–10 ms for faster decompressions. The
iterations were monitored to stop the integration process when the
relative difference between temporal neighboring points was small.
The friction coefficient in the panel door was set to 0.1 and the
discharge coefficient was set to 0.8 for the window frames and all
other geometries. Three rupture sizes were simulated: 1, 0.1, and
0:01 m2 (e.g., 10 � 10 cm square opening). For Hawker 4000, we
did not use the cockpit rupture sizes of 1 m2, as that would probably
result in a catastrophic structural failure, considering the airplane
overall size. Each panel door weighs about 6.7 kg, and we assumed
that the same cockpit door was installed in both airplane types.

C. Decompression Model Verifications

Let us compare DTs derived here with those derived by Haber and
Clamann [31] and Fliegner (as reported in [3]). Fliegner’s equation
for DT with volume in cubic meters and surface area in meters
squared is
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�
��������������
~po � 1

p
(49)

H-C’s total DT equation yields
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where P1 is a complex function depending on the relative PR and
obtained from the H-C diagram [31]. It needs to be said here that the
longer the decompression, themore polytropic the expansion process
becomes, as the heat transfer and other irreversible processes cannot
be neglected.

The comparison between our isentropic and isothermal theoretical
models and those of H-C and Fliegner for various volume-to-area
V=A ratios is shown in Fig. 5. The Fliegner model [Eq. (49)] actually
yields DTs longer than for isothermal decompression, which is
physically impossible in spontaneous expansion unless extra heat is
added to the system. Fliegner’s model could be used practically only
as an approximation of the isothermal decompression. As expected,
the H-C data, which has become a standard in decompression
analysis, is located between our isothermal and isentropic results.
This is not surprising, as the H-C model is based on some ensemble-
averaged typical decompression. H-C’s polytropic expansion is
slightly closer to isothermal than to isentropic decompression.
The H-C model is slightly less accurate for very rapid aircraft
decompressions.

An important aspect of our mathematical model and computer
simulations is verification and comparison with experimental data
and/or other models. Incredibly, not much has been published on the

phenomenon of aircraft decompression, and no direct experiments of
actual aircraft decompression exist to the best of our knowledge.
However, some limited references exist on the decompression (and
pressurization) of pressurized vessels, pipes, etc. In several research
projects, Daidzic [40–43] obtained many experimental results and
created mathematical model with computer simulation code of
pressurization dynamics in preignition flow transients in a liquid
oxygen (LOX) dome of Messerschmitt-Bölkow-Blohmn’s HM-7B
third-stage rocket engine for rocket launcher Ariane IV. The
isentropic model was able to predict pressure ramps of up to
2–3 MPa=s extremely well. This pressure ramps were used to
simulate the starting cycle of turbopumps supplying LOX for
ignition. Experiments and modeling of LOX injector elements also
demonstrated the accuracy of the isentropic compression models.

Chan [48] presented numerical and experimental data on
depressurization of pressurized vessels. We made several com-
parisons with Chan’s experimental data. In Fig. 6, we compared
Chan’s data for constant V=A� 1171:1 m. The air in Chan’s high-
PR experiments was at RH of 80% and about 20Kwarmer than air in
our simulations. Obviously, condensation and warmer air will slow
down the depressurization process, explaining the difference of
several hundred milliseconds or 6.25% at the higher PR with CD �
1:0 in our model. However, when we used CD � 0:9, the fit was
almost perfect. It appears that by adjusting the CD in our isentropic
model, we can simulate all additional effects, such as diabatic
conditions, polytropic change, etc.

In Fig. 7, we show the time history of the pressure change as a
function of time using our isentropic model with CD � 0:9 and
Chan’s [48] experimental pressure measurements. The fit is almost
perfect. Because of latent heat of condensation of the very humid
air in Chan’s experiment, the temperature drop shows a large
discrepancy of 20–30 K compared with our isentropic simulations.

Fig. 5 Comparison of different theoretical models of chamber

decompression for the initial PR of 4.0 (80=20 kPa) and variable V=A
ratio. H-C’s PR is �80 � 20�=80� 0:75.

Fig. 6 Comparison of isentropic model DT with Chan’s [48]

experiment for two distinct PRs of 2.59 and 4.08, RH� 80% air, and

V=A� 1171.
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Chan stated in his work that he had problems with temperature
measurements. Fortunately, an airplane’s air is much drier, and
that works to our benefit in using an isentropic model without
condensation.

The comparison of Veldman’s [49] experimental DTs, H-C’s
theory, and our isentropic model is shown in Fig. 8. The initial PR is
1.517 and therefore entirely in subcritical outflow regime.Veldman’s
experimental results for an air storage tank and long PVCpressurized
pipe (simulating aircraft fuselage) was used for experimental veri-
fication. One can observe a small difference between H-C and our
isentropic model withCD � 1 for small V=A ratios or short DTs. For
largerDTandV=A ratios, our isentropicmodelwithCD � 0:85 gives
a better fit than H-C’s. However, Veldman [49] did not provide any
information on RH of air, heat transfer, or discharge coefficient,
which might have affected expansion rates in his experiments.
Nevertheless, our simulation results are within standard deviation of
Veldman’s experimental data, giving us additional confidence in our
isentropic model being quite reliable at mimicking rapid aircraft
decompressions.

IV. Simulation and Discussion of Results

A. Cabin Decompression

In Fig. 9, the B767-300ER’s cabin pressure and temperature
history is given during decompression caused by the cabin rupture of
0:1 m2. The cockpit will not depressurize. The supercritical flow
from about 79 kPa down to about 37 kPa took about 34 s, which is
consistent with the theoretically obtained results. The subcritical
decompression continues for about another 44 s, until the outside
atmospheric pressure is practically reached. The transition from
critical to subcritical decompression is smooth. Simultaneously, the
isentropic expansionwill result in rapid cooling of the cabin air. After
about 60 s, the cabin temperature dropped from a comfortable 23�C
to almost �62�C. In reality, the water vapor in the cabin air would

condense and freeze or create mist of ice crystals by deposition/
sublimation, but we neglected the effect of the released latent heat of
condensation and freezing, which resulted in the absolutely
minimum air temperature possible. Ultimately, the heat transfer will
work to equalize the temperature inside and outside of the airplane
once decompression is completed, resulting in a temperature of
around �57�C if the airplane maintains altitude without emergency
descent. From Fig. 9, one can also observe that the total DT is
about 78 s for an effective cross-sectional area of 0:08 m2 and
V=Aeff � 12; 250 m. The pressure rate curve flattens out as the cabin
pressure asymptotically approaches the environmental pressure. A
lot of time elapses for the pressure to drop a practically insignificant
amount. Therefore, the pressure DHT might be a more reasonable
parameter to use. Our isentropic model predicts DHTof 31.9 s. After
that period, the cabin pressure dropped to about 39.5 kPa, which is
still in the critical-flow regime. The transition to subcritical outflow
occurs at 37.25 kPa.

In Fig. 10, the B767-300ER’s cabin pressure and temperature
histories are given for a 1 m2 cabin rupture, which is 10 times larger
area than in the previous example. The same discharge coefficient
CD � 0:8 was used, resulting in V=Aeff � 1225 m. The decom-
pression to environmental pressure of about 20 kPa occurred in 7.8 s,
which is also 10 times faster than in theprevious examplewith a larger
V=A ratio. The cabin temperature reached the same�75�C, but now
in much shorter period. Obviously, such conditions would be harsh
for occupants and can be reached before the crew even initiates
emergency descent.

Let us now examine the decompression dynamics of a typical
midsize corporate jet: Hawker 4000. In Fig. 11, the pressure and
temperature histories for the rupture area of 0:1 m2 (e.g., circular
hole of 18 cm in diameter) andCD � 0:8 are shown.As expected, due
to the small V=Aeff (270 m) ratio, the DT is very short. In less than
1.8 s, the initial pressure differential of 67.6 kPawas reduced to zero.
The initial PR was 4.43. The temperature dropped to �80�C for the
same time period. The DHT is 0.7 s, which is very close to the
simulated value.

In Fig. 12, the pressure and temperature histories for Hawker 4000
andV=Aeff � 27 (the rupture area of 1 m2 andCD � 0:8) are shown.
The cabin depressurization is of the explosive type, with possible
severe physiological consequences for occupants. Such a large
rupture in a relatively small airplane could possibly result in a com-
plete loss of hull due to excessive aerodynamic loads. The DHT is
70 ms. Accordingly, and as expected, the corporate jets are more
hazardous for occupants than the large-transport-category civilian
airplanes with respect to rapid decompressions. In addition, many
corporate jets have higher structural pressure differentials and fly at
higher altitudes, which could make things even worse.

B. Cockpit Decompression

In Fig. 13, the effect of a B767’s cockpit depressurization
(V=Aeff � 10 m) on the cabin pressure, loads, and dynamics of the

Fig. 7 Comparison of our isentropic model pressure history with

Chan’s [48] experiments for two distinct PRs of 4.08 and 2.59.

Fig. 8 Comparison of Veldman’s [49] experimental results and theoretical H-C’s and (ND) isentropic model DTs for the subcritical initial PR of 1.517

(151:7=100 kPa). H-C’s PR is �151:7 � 100�=151:7� 0:341.
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swinging panels is shown. In all cockpit depressurization simu-
lations, it was assumed that the complete, or a portion of the, side
window broke up suddenly and instantaneously. The window
rupture size is 1 m2 with no RAM pressure recovery. Obviously, the
cockpit depressurized rapidly and expansion was finished in 60 ms,
accompanied by severe temperature drop. Clearly, this scenario is
very hazardous for the flight crew. The pressure drop rate is
983:3 kPa=s or 142:6 psi=s. The cabin started depressurizing after
the pressure differential between the cockpit and the cabin reached
22.2 kPa, which was almost instantaneously. However, due to the
relatively small cross-sectional area of the pressure-equalizing
hinged panels, the explosive cockpit decompression was not
experienced with the same severity in the cabin. The temperature in
the cabin dropped to only �25�C after 60 s, which is far warmer
than a cockpit temperature of about�75�C. The hinged panels were
swinging violently between 5 and 75�. Small oscillations were felt
in the cabin air outflow and cabin pressure and temperature decay.
The force on the security door exceeded 80 kN almost instantly and
even after 5 s was still above 65 kN. The security door panels
caused the cabin to depressurize about an order of magnitude
slower. However, the powerful force on the door might have
dislodged it from the frame and pushed into the cockpit.

In Fig. 14, the effect of a cockpit rupture of 0:1 m2 withCD � 0:8
in the B767 cockpit’s side window is shown. The cockpit pressure
and temperature drop rate is, as expected, slower. The force on the
cockpit door reached almost 80 kNabout 0.6 s after the sudden loss of
cockpit pressure. The swinging hinged doors reached a maximum
deflection angle of 60�. The frequency and the amplitude of panel
oscillations were smaller in this case. The cabin decompression
dynamics was hardly influenced by the smaller cockpit rupture. The
reason for this is that the cabin air has to communicate through
the cockpit security door panels that act as a flow filter. Once the
critical PR is reached (and exceeded) between the cockpit and the
cabin, the cockpit decompression dynamics does not affect the cabin
depressurization rates by any means.

In Fig. 15, the decompression history for an even smaller cockpit
rupture of only 0:01 m2 (V=Aeff � 1000 m) is shown. Since the
cockpit depressurization is comparatively slow, the effect of time
delay and the buildup of 22.2 kPa pressure difference between the
cockpit and the cabin are evident in their respective temporal
histories. It took more than 1 s for the hinged panels to start moving.
The maximum force on the security door reached just over 64 kN,
but then 6 s after the onset of sudden cockpit decompression. The
frequency and the amplitude of swinging panel oscillations are
relatively low, with the maximum panel deflection angle of about
40�. Interestingly, just as in all other cases here, the cabin-to-cockpit
outflow never transitions to subcritical (it is always choked), as the
critical PR is never reached, due to the panels closing at 22.2 kPa
pressure difference, resulting in about 42 kPa absolute final cabin
pressure. The cockpit pressure relaxed to atmospheric in about 6.2 s,
whereas the cabin pressurewas still in the 70 kPa range, thus ensuring
critical flow through the swinging panels for the entire period.

The decompression history for the Hawker 4000 with the cockpit
rupture of 0:1 m2, and CD � 0:8 (V=Aeff � 53) is shown in Fig. 16.
The time delay between a hinged panel’s first movement and the
cabin pressure and temperature decay is evident again. The force on
the security door reached almost 65 kN about 0.33 s after the cockpit
rupture suddenly occurred. The frequency of the panel oscillations is
about 8 Hz and they oscillated between the maximum of 55� and the
frame stops. The oscillations in the normal force, cabin pressure, and
temperature are a result of the intermittent closing and opening of the
hinged panels. Again, the final pressure difference of 22.2 kPa was
established after less than 2 s and the critical/supercritical outflow
persisted during the entire depressurization.

In Fig. 17, the decompression history for the Hawker 4000
corporate jet with the cockpit rupture of 0:01 m2, and CD � 0:8
(V=Aeff � 531) is shown. The time delay is evident yet again, due to
the relatively slow cockpit decompression. The force on the door
reached almost 40 kN about 1 s after cockpit rupture suddenly
occurred. The frequency of the panel oscillation is about 7 Hz and it
oscillated between a maximum of 26� and the frame stops. That

Fig. 9 Boeing 767-300ER cabin pressure and temperature history for

closed cockpit door, cabin rupture of 0:1 m2.

Fig. 10 Boeing 767-300ER cabin pressure and temperature history for

closed cockpit door and cabin rupture of 1 m2.

Fig. 11 Hawker 4000 cabin pressure and temperature history for

closed cockpit door and cabin rupture of 0:1 m2.

Fig. 12 Hawker 4000 cabin pressure and temperature history for

closed cockpit door and cabin rupture of 1 m2.
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resulted in the cabin outflow occasionally completely stopping, due
to the closure of the hinged panels. At these moments, the pressure
force reachedmaximum. Interestingly, both the cabin and the cockpit
depressurized in 4 s. This can be explained by the fact that the cock-
pit rupture was relatively small and of the size that panels could
follow easily. The choked outflow persisted throughout the entire
decompression, resulting in the equilibrium pressure difference of
22.2 kPa.

As a general conclusion, we observe that larger effective ruptures
cause larger peak forces on the reinforced cockpit door, but the
duration of the maximum normal force is shorter than in the case of
slower cockpit decompressions, in which the peak force is lower but
the duration is longer. The cockpit safety door ensures less severe
decompressions in the cabin, performing as a dampening filter
between them.

Let us now discuss the uncertainty of the DTs due to the
uncertainty in the discharge coefficient or the effective rupture cross-
sectional area. As the effective rupture size is the product of the

discharge coefficient and the geometric rupture area, a law of
reciprocity kicks in; infinitelymany combinationswill yield the same
effective rupture area. Therefore, in the uncertainty analysis, it is
sufficient to talk about the uncertainty of the effective surface area.
The relative uncertainty in respect to effective outflow area only of
the total isentropic DT [Eq. (38)] is

��

�
���Aeff

Aeff

���CD
CD

(51)

Accordingly, decreasing or increasing the coefficient of discharge by
10% only will result in an equivalent change in the decompression
time, but with reverse sign. The same conclusion would be drawn
for the uncertainty in the geometric rupture size. The combined
uncertainty due to discharge coefficient and geometric rupture size
can be easily estimated as well. Therefore, onemay conclude that the
total DT is moderately sensitive to the uncertainty in the effective
rupture size.

Fig. 13 Boeing 767-300ER cabin and cockpit history for closed cockpit door and rupture size of 1 m2 in the cockpit side window with discharge
coefficient of 0.8.

Fig. 14 Boeing 767-300ER cabin and cockpit history for closed cockpit door and rupture size of 0:1 m2 in the cockpit side window.
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The H-C theory is based on the ensemble-average of many
decompression experiments. Some decompressions were faster than
the others. The H-C expression for the total DT is based on the
polytropic coefficient of expansion (n� 1:16), which was obtained
as a minimum least-squares fit of 75 experiments [31]. As such, it
averages across different decompression rates and is not particularly
representative of rapid decompression on the time scales of less than
5 s. It is clear that the polytropic coefficient of expansion will change
from 1.4 (isentropic) for rapid decompressions to 1.0 (isothermal) for
slow decompressions. Therefore, our analytical expression for total
isentropic DT is more accurate for short times than the H-C theory.
In addition, our expression is far easier to calculate than H-C’s and
does not require any additional diagrams. We also think that the
pressure DHT derived here offers the most representative and the
simplest estimate of the depressurization dynamics. In any case,
isentropic decompression represents the most severe loss of pressure
occurrence and must be taken into account when designing ECSs.

We did not see any particular value in using higher-order spatially
distributed computational codes at this point. The internal details and

the flow resistances could vary significantly from airplane to air-
plane model as well as with respect to different loading and variable
passenger seating in the same airplane model. The particular
emphasis of this work was to investigate the coupling between the
pressurized airplane chambers and the dynamic response of the
security door’s hinged panels. The basic motivation and the main
purpose of this study were to focus on aviation safety and to
emphasize possible dangerous scenarios if the cockpit depressurizes
first and the security door becomes dislodged.

The future improvements in our model will include 1-D spatial
modeling of all pressurized compartments, including forward and
aft cargo, avionics compartment, etc. All of these different pres-
surized compartments will be connected through vent holes,
swinging, and blowout panels, which provide passive and active
venting between different pressurized compartments. That will
result in additional equations for various pressurized compartments
as well as ODEs for each panel dynamics. The emergency descent
incorporating airplane aerodynamics will be fully modeled. The
phase change of the water vapor and heat exchange will also be

Fig. 15 Boeing 767-300ER cabin and cockpit history for closed cockpit door and rupture size of 0:01 m2 in the cockpit side window.

Fig. 16 Hawker 4000 cabin and cockpit history for closed cockpit door and rupture size of 0:1 m2 in the cockpit side window.

502 DAIDZIC AND SIMONES



considered. Carefully executed experiments using airplane scale
models would do the most justice to the investigation of aircraft
decompression in the absence of actual data.

V. Conclusions

Wedeveloped a zero-dimensional mathematical model of airplane
cockpit and cabin decompression with an installed reinforced
cockpit security door. Although relatively simple, the model and the
accompanied simulation program performed sufficiently well.
Analytical solutions for the critical and subcritical outflowweregiven
in the case of isothermal and isentropic chamber decompression with
the irreversible outflow. New analytical relationships were derived
that provide quick estimate of the total decompression times for
rapid decompressions as well as for very slow decompressions. A
comparisonwith other theoretical decompressionmodels and limited
experimental data was conducted. The pressure half-time was
defined, for which the temperature decay is always a fixed fraction of
the initial chamber temperature, assuming isentropic expansion.
ISA conditions were used to compute the atmospheric parameters.
A nonlinear model of the swinging panels enabled the numerical
experimentation with different cockpit decompression scenarios and
its overall effects on the cabin pressure dynamics. This model can be
extended to any case of venting, using swinging or blowout panels
between various pressurized chambers/compartments. The force
created on the security door due to pressure differential in some
instances exceeded 80 kN instantaneously and reached steady value
of 32 kN with panels fully closed. Faster cockpit decompression
created higher peak normal forces, but of shorter duration. Slower
cockpit decompressions produced lower peak forces that lasted
longer. This is certainly valuable information to be considered when
designing and installing security doors.
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