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1.1

1.2

SECTION 3E - AEROSPACE PRESSURIZATION SYSTEM DESIGN

INTRODUCTION

The requirements for cabin pressure for all types of aircraft have been established by the Armed
Services in military specifications (Refs. 1 and 2), by the Federal Aviation Authority (Ref. 3) and
by the SAE in necommendatlons (Ref 4). These requlrements limit the cabm altitude to 8000 ft
in transport 3 : 3 es oxygen and
the missjon duration i is relatlvely bnef cabm alutudes up to 25, 000 ft are allowefl. Supersonic
, which operate at high speed and high altitude, have short flight'durafions and high
descent. To avoid an uncomfortable rate of change of cabin pressure when descending

The pressurization system design considerations presentedin this AIR deal]l with human

i‘ical requirements, characteristics of pressurization< air sources, methods|of controlling
cabin prgssure, cabin leakage control, leakage calculation® methods, and methods|of emergency
cabin prgssure release.

Nomenc¢lature

CA = Equivalent leakage area, in.2
., = Velocity of sound at cabin-temperature, ft/sec
= Velocity of sound at jet, ft/sec
= Exhaust thrust, 1b
= Gravitationakacceleration, ft/sec?
= Cabin altitude, ft
= Mach.number, dimensionless
= Pressure, in.Hg abs.
=.Pressure, 1b/ft?

. ~=7Ambient pressure, in.Hg abs.

) = Cabin pressure, in.Hg abs.
AP =P,-P, inHg
Universal gas constant, ft-1b/Ib-°R
= Temperature. °R
= Cabin temperature, °R
= Jet temperature, °R
= Pressurized volume, ft3
= Exhaust velocity, ft/sec
= Leakage flow, Ib/min; or cabin outflow, 1b/min
= Cabin inflow, 1b/min
= Weight of air, Ib
= Pressure ratio factor (defined in Par. 3), dimensionless

J

ex

I
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Y = Ratio of specific heat at constant pressure to that at constant
volume, dimensionless
T = Elapsed time, min
1’ = Elapsed time, supercritical period, min
T” = Elapsed time, subcritical period, sec
pg = Air density in pressurized volume, Ib/fi3
AP[At = Rate of pressure change, in.Hg/min
13 Commo:rmnrevnauons
as.  — Absolute
AC — Altemating current
ACTR — Air Corps Technical Report
AFSCM — AirForce Systems Command Manual
AFTR — Air Force Technical Report
AIR — Aerospace Information Report(SAE)
ARP — Aerospace Recommended Practice(SAE)
C. — December
— Equation
° — Degrees Fahrenheit
— Feet per minute
— Feet per second
ft — feet
in — Inch(es)
Hg — Mercury:
Ib — Pounds
In — Natural logarithm to the base e
Ibfin.2 — Pounds per square inch
m — "Minute

Pg3r.(Pars.) — Paragraph(s)
i Pounds per square inch

11

Ref.(Refs.)— Reference(s)

SAE — Society Of Automotive Engineers
sec — Second

USAF — United States Air Force

A"/ — Volts

Vol. — Volume

% — Percent
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2.1.1

21.11

" PHYSIOLOGICAL REQUIREMENTS

Maximum rates of change of cabin pressure permitted in combat aircraft are relatively high, as
dictated by combat emergencies. Ref. 1 specified that the pressure must be controlled within the
limits of 0.5 psi/sec maximum for increasing pressure and 1.0 psi/sec for decreasing pressure. In
civil and military transport aircraft, operating rates of pressure change are held below 0.5
in.Hg/min (corresponding to 500 ft/min at sea level) to minimize passenger discomfort.

Cabin
A number of schemes are feasible for producing the required flow and pressute [for cabin pres-
surizatipn and ventilation; a study of the detail requirements of each aircraft result in the
approprjate means for that aircraft. Most obvious among these schemes are. the following:

2. Separate compressors driven by direct shaft from the engine compressor, py bleed

ircraft mission, configuration, and type of engines.

isk of oil contamination, which can occur in using compressor bleed air ffrom the
ain engines.

ffect of total power consumption’ for pressunzanon and air conditioning on the
ission of the aircraft.

eliability and safety.
efrigeration and heating requirements.

Design Approach
The follpwing discussion outlines the characteristics of cabin air sources.

Direct Bleed
Compregsor bleed from turbine engines is attractive because of the mechanical simplicity of the
system 3gnd-the reliability of the source. Fuel consumption penalties due to bleeding the engines
tend to b€ greater than those incurred when power is extracted from the engine accessory drive
pad. This is because the energy contained in the engine compressor air is at a higher level than is
required for the cabin, and because at rated thrust levels the effect of bleed on engine turbine inlet
temperature is disproportionately higher than the energy extracted. In high performance fighters,
the bleed quantity is usually small and the bleed penalty is low. Thus the bleed system may be
preferred to other systems if the air is known to be sufficiently free of lubricating oil.

Turboprop transport bleed requirements are relatively high and the engine air flow low, resulting
in significant fuel consumption penalties. Popular opinion regarding the risk of obtaining con-
taminated air from the engine may preclude its use for transport aircraft, regardless of other
reasons.
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21.13

Gas turbine engines with bleed ports at as many as four compressor stages allow the selection of
bleed air with widely variable energy levels. Maximum fuel economy and safety are obtained by
using bleed air with the lowest energy level suitable for cabin pressurization. Bleed air pressures
vary widely according to engine throttle settings and flight altitudes. A typical bleed air system
will extract bleed air from a higher pressure bleed port when the engine thrust settings are low, or
at high altitude, and will switch to a lower pressure bleed port, for example, at higher engine
settings.

Engine Shaft Driven Compressor
A directly shafted compressor can be used if the engine is equipped with a drive pad ¢f sufficient
strength to|mount and drive the compressor and if the variation of pad speed with engine power
can be accgmmodated with reasonable mechanical devices.

The speed requirements of aerodynamic compressors, axial or centrifugal flow, can be accom-
modated by infinitely variable ratio transmissions, multiple ratio transmissions, or(even fixed
ratio if the pngine speed variation is small or zero. Transmissions - Wwith an infinitely variable ratio
tend to be mechanically complex and expensive, and consume-an ‘appreciable amount pf power in
themselves| Two- or three-speed transmissions are mechanically attractive, but may fequire high
overspeed peaks to accommodate a wide variation in engine speed.

Fixed displacement compressors such as the Roots type or the helical rotor type can be driven
directly or at most may require a two-speed transmission. These machines tend to Be mechani-
cally simpler and cheaper to maintain than the aerodynamic compression machines, but their

ciency is somewhat lower and they are heavier. Pressure requirements
¢r the entire speed range, but’a change in speed ratio will be necessar|
efficiently fhe required air flow schedule. Inlet throttling and discharge spilling,

can usually
y to obtain
though not

efficient, c3n be used for flow regulation.

The vibratipnal environment-on the engine accessory drive pad is usually quite sevgre and any
directly shdfted accessory:is likely to undergo a considerable period of mechanical dgvelopment
by trial and|error before it becomes a reliable, long life device.

Bleed Air Drive.Compressor
If in a partjcular mstallauon 1t is not perrn1551ble to use dlrect compressor bleed for cabin pres-
surization, arnd 2 : 3 ps a bleed-
driven turbocompressor can be used. The air turbine drive gives the system desxgner flexibility of
speed and air flow (independent of main engine operating conditions) and freedom of choice in
locating the machines in the aircraft. Engine speed is of interest only as it affects the energy level
of the bleed air that spins the turbine.

The turbine, designed to fumish sufficient power to the compressor at high altitude and minimum
engine power, may not be able to operate at peak efficiency at cruising conditions. A variable
nozzle turbine will suffer less loss than a throttled fixed-area-nozzle turbine, although it requires a
moderate increase in mechanical complexity. The use of multiple units, installed so that one or
more may be shut down when the bleed energy level is high, may be useful in further increasing
the cruising efficiency of the system. Multiple units are required, in any event, to enhance the
reliability of the source.
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Speed controls are important for a turbocompressor that has no inherent speed limit. An over-
speed shutdown control should be considered in addition to the normal topping speed governor.
Further insurance against the consequences of a wheel burst will depend on the location of the
turbocompressor in the aircraft and the reliability of speed limiting devices.

Turbine and compressor housings designed to contain blade fragments are required. Armor plate
may be used to deflect or arrest large fragments that otherwise cannot be contained. One design
allows the driving turbine to shed blades before the compressor wheel reaches a dangerous speed,
thus mherently arrestlng funher acceleration. The fatlgue life of a cnucally designed turbine

ficiency| over the entire speed spectrum. The most attractive feature of a hydraulic power trans-
mission| which uses a piston pump and motor, is its inherently high overall efficienicy over a wide
relative |speed range between the pump and motor. Component efficiencies of [the pump and
motor can be well over 90% if the losses due to fluid friction are not too great. Either the pump
or the motor is a variable displacement machine, regulated by the relative speed requirements of
the engipe and compressor. :

The use| of high capacity hydraulic power transmission systems, such as this, requires a careful
examingtion of the mechanical‘and hydraulic problems associated with piston pumps, motors, and
interconpecting piping, which are operating at relatively high fluid flows at pregsures between
2000 anfl 4000 psi. Though there is an inherent speed limit in the piston pump and|motor system,
it may exceed the safe limit of the compressor. In this case, an overspeed preventjon device will

ator and motor welght and inflexible speed relauonsmps A reasonably high voltage (100-200 V)
is required to reduce the weight of the machines and wiring, and this makes necessary the use of
AC power to control arcing in switch gear.

In an AC system the motor speed is a function of the cycling frequency, which is established by
the speed of the alternator, and thus it is a single speed, power transmission system like a directly
shafted, engine driven compressor. A two- or three-speed AC motor can be made, at the expense
of additional weight, by providing additional poles and windings with appropriate switching to
energize or de-energize them.
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2.1.2 Control of Air Flow
The following paragraphs briefly state the most obvious means of flow control in cabin pres-
surization systems:

1. Direct Engine Compressor Bleed to Cabin: A flow sensitive venturi used with a
simple throttle valve meters the flow in accordance with the desired schedule. In
some cases a simple venturi without a throttle may provide adequate flow regula-
tion.

2. Shafted Compressors - Fixed Ratio on Constant Speed Engine: A flow sensitive

venfturi or probe is used to regulate an inlet throttle on the compressor; of, for an
extended operating range of pressure and flow in an aerodynamic compressor, a
preswirl inlet throttle is available. Fixed displacement compressors mtay reqTxire a
spill valve to dump excess flow overboard.

3. Shgfted Compressors - Variable Speed Transmission: A flow sensor regulatgs the
spegd ratio of the transmission.

4. Shafted Compressors - Multispeed Transmission: Speed ratio shift points ar¢ trig-
gered by input speed sensitive switches. Flow is. regulated as for a fixed [speed
pressor.

5. Blepd Driven Turbocompressors: The flow sensor regulates a throttle valve fin the
air duct to the turbine or it regulates the area of the turbine nozzles. (Thus,
changes are made as required;,to maintain the cabin flow schedule under
varying conditions of compressor.delivery pressure and available engine bleed pres-

6. Hydraulic Drive: The flow sensor regulates the displacement of the engine (lriven
pump, thus varying fluid flow and the speed of the fixed displacement hydraulic
mo

2.1.3 Other Controls
Depending|upon the pressurization source, other controls not covered in Pars. 2.1.1 Id 2.1.2 are
required fdr proper and safe operation of the air supply system. Some of the more important

functions afe-as’follows:
1.A LWMSWMWWWFMMYW@ the

flow to the cabin in an emergency. If an air cycle refrigeration system is used, it
may be necessary to devise a minimum flow limiter to prevent full closure of the
cooling turbine bypass valve when the bleed pressure is too low to force sufficient
flow through the cooling turbine nozzles. A maximum flow limiter such as a sonic
venturi may also be required as a safety device.

or driving the compressor.

2. A quick acting mechanical drive shaft disconnect is good insurance against exten-
sive damage to the powerplant, which might otherwise occur as a result of mechani-
cal failure in an engine mounted compressor.
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222
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224

3.

4.

Fixed speed aerodynamic compressors may require a spill valve to prevent surging.
A control that senses the compressor discharge Mach number can be used to regu-
late the spill valve.

In any separate variable speed compressor system, it may be desirable to provide
cabin heating by increasing the compressor speed and throttling the air or by recir-
culating compressor discharge air into the inlet. In either case a downstream flow
control causes the desired speed increase when the heat valve is moved toward the

Page 7

closed position.

Contro¢l of Cabin Pressure

The pressurized volume of the fuselage is usually pressure controlled by regulation of the outflow

flow atfall times through the outflow valve for pressure regulation pufposes.

magnitude of the uncontrolled cabin leakage is kept low enough to proyide a finite air

.| It is generally

DO ft below sea

brence between

ich the structure

rt aircraft a selectable rate of climb and descent is provided, with a ra;lge of selection

Tate limits as
p of cabin pres-

sure toward the isobaric setting, but does not override the differential control.

Safety Valves
Safegudrds are provided by:

. Positive Pressure Relief - in addition to the outflow valve or valves, an indeendent

2.

3.

control valve 1s provided to limit the maximum pressure in the cabin 10 one the
structure can safely withstand in the event of a normal control malfunction. The
setting of the relief valve is higher than the normal differential control limit by the
small amount necessary to prevent overlapping functions between the two controls.

Negative Pressure Relief - a negative differential pressure valve is required to limit
the collapsing pressure on the fuselage as might occur, for example, in a rapid
descent from altitude. This valve can be combined with the positive pressure relief,
or it can be an independent unit. A simple swing check valve will serve the pur-

pose.

Emergency Pressure Release - Ref. 1 specifies that components must be installed to
permit release of cabin pressure within the following time periods: 60 sec max-
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imum for all aircraft employing ejection seats, escape capsules, or their equivalent,
for all aircraft occupants; or 15 sec maximum for all other aircraft. These rapid
pressure release provisions are associated with aircraft flying into advance combat
zones where lower cabin pressure differentials are used.

22.5 Types of Controllers

2.2.6

2.2.7

Both pneumatic and electric regulators are in use for cabin pressure control, and the functional
details are available from the manufacturers of this equipment.

Unpressunzed Cabin Differential

v 3 wvatve atty—esta ed—bythepermigsible cabin
differential when in the unpressurized condmon that is, with the valve wide open] The flow
restriction imposed by the valve and related ducting produces a small unavoidable pressure dif-
ferential befween the cabin and ambient when all other openings such as doors and windows are
closed. To javoid discomfort to human occupants, due to an abrupt pressure increage (pressure
"bump") when the last door is closed, or when the compressor flow isinitiated, the flow restric-
tion of the fully open valve and ducting must be kept small. Pressure losses of the order of 0.2 in.
Hg are tolerable in transport systems, and higher values may be-acceptable in combat gircraft.

In addition fo the pressure loss of the valve installation, ari<additional pressure differential may be
imposed by| control requirements. To avoid this, the.pressure controller must be designed with
sufficient sensitivity to fully open the valve at or below the desired minimum pregsure. This
requires sufficient contro} sensitivity to produce. asignal for a fully open valve at lgw differen-
tials, and in} the case of an all-pneumatic system, a vacuum booster may be required to furnish
sufficient ppeumatic power to a reasonably, sized valve actuator.

A third signjificant factor contributing to the magnitude of the minimum differential is the location
of the aircrft air exhaust. If the exhaust is located in an area where extemal aerodynamic pres-
sures are different from ambient, static, the cabin pressure will be affected by change} in aircraft
speed, espefially during take-off and landing. For example, an exhaust location in 4 high pres-
sure region Wwill produce,an unavoidable cabin pressure increase during the takeoff run

Control in Supersonic’ Aircraft:
As a supers nic aircraft accelcrates or decelerates through the sonic speed region (0%¢ ch 1.0), an

reference for the differential control mode. The result may be a very uncomfortable "bump" in
cabin pressure, especially in the small pressurized volume of a fighter aircraft.

The transmission of the external pressure pulse through the outflow valve can be minimized and
perhaps eliminated if the cabin/ambient pressure ratio is above the critical value of 1.89 (which
may not be possible at low altitudes), and if the outflow valve actuator is not caused to move by
the external disturbance. Furthermore, the disturbance will not affect the controller if it is operat-
ing in the isobaric mode sufficiently below the maximum differential. Therefore, in transport
aircraft with high differential pressure settings and an appropriate outflow valve, operating
procedures may be sufficient to eliminate the cabin pressure disturbance. However, in fighter
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aircraft, the differential setting is usually low, and acceleration through Mach 1.0 must be done
with the controller operating in the differential mode.

CABIN LEAKAGE

Uncontrolled cabin leakage should be kept very low so that use can be made of exhaust cabin air
for equipment coohng and general odor removal. Also, in the event of loss of the pressune source
at high ajtitade ble-for-de H : ntrolxsboth
a detail 3 ;

surizatiop source at maximum cabin differential. In a two compressor supply system, for ex-
ample, the loss of one compressor might be called a reasonable failure conditior). Under this
condition the leakage must be low enough to pemmit adequate)pressurization on the remaining
single compressor for the duration of the flight.

To establish the allowable leakage rate for design purposes, the following example is presented
for a twp compressor airplane flying at 30,000 ft*with an 8000 ft cabin altitude [22.22 in. Hg
cabin pr¢ssure). The detail specification for this'example requires maintaining an [8000 ft cabin
on one cpmpressor, as described in Table 3E-1.

Table 3E-1 - Specification for Two Compressor Airplane

Available flow from-6ne compressor 45 lIp/min

Toilet exhaust 5.0 Ib/min

Electronic compartment exhaust 20.0

Evaporator water drains (vapor cycle) 20

Miscellaneous control vents 1.0

Margin for leakage growth 30
Total controlled venting plus margin 31.0 31 Ib/min
Permissible uncontrolled leakage at flight condition 14 Ib/min

An equivalent leak orifice area can be calculated from the following compressible flow equation:

wVT, _ _ 14V460+ 70

= in2 :
§04P,Z - (604 2220256 _ o (3E-1)

CA=

In Eq. 3E-1, CA is the equivalent area in square inches of a hole that would pass the total leakage
flow at the specified cabin pressure and temperature and flight altitude.
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Z is the function of pressure ratio between cabin and ambient, defined by

J[P]zlv [P](YH)/Y
zZ == - =2 (3E-2)
Py Py '

for pressure ratios between 1.0 and 0.53. For pressure ratios equal to and below 0.53, sonic
velocity occurs in the orifice, Z = 0.256 and remains constant thereafter, and the equation no
longer holds for the determination of orifice area. Note that the ambient may be either a true local
ambient pressure (depending upon the hole location) defined as P,, or actual pressure altitude,
commonly/noted as P, or P_, in the Iiterature.

For convenience, inspection tests for leakage rate are usually conducted on the-ground, requiring
that an eqyivalent leakage be computed for the test elevation and test cabin-pressure. | The ground
test is conflucted at the same pressure differential as in the design flight condition, [to eliminate
any change in leakage area CA due to change in differential pressure.

Flight loags and vibration may have a small effect on the leakage area, but it is believed to be
negligible.| The leakage permissible during ground test is obtained as follows, using the differen-
tial pressure for 8000 ft cabin altitude at 30,000 ft, and testing at a ground elevation of 500 ft:

P, = 29.4 in Hg abs. at 500 ft

Pcb = 294 +(22.22 - 8.88) =42.74 in. Hg abs.
P, o7 0%

From this pressure ratio, the-function Z = 0.241 (from Eq. 3E-2) and

Wi — P (3E-3)

VAW AVANAV. FAVY. la Ra VAV 2 Na V. K AN
ANAY O J ANV So i 7T A J ANV LY 2u B Y J

V460 + 70
25.6 1Ib/min

Actual measurement of the leakage can be accomplished (1) by direct inflow readings, (2) by
timed pressure decay, or (3) by instantaneous cabin rate of climb. Direct inflow readings are
appropriate for small volumes with fairly large leakage rates where the decay time is too short to
obtain reliable data.

Timed pressure decay over a small increment of pressure change or instantaneous rate readings
are appropriate for large volumes with relatively low leakage rates. Direct flow readings require



https://saenorm.com/api/?name=ec54ec692c267e0f453721529c3129bb

SAE AIR1168/7

Page 11

steady-state conditions and are difficult to obtain in large volumes with low leakage without a
sensitive rate of pressure change indicator to aid in establishing the steady state.

For conversion of leakage flow into timed rate of pressure decay or instantaneous rate of climb,
the following equations are derived by differentiating the equation of state with respect to time:

pV = WRT for p in Ib/ft2, W in 1b
or PV = WRT/70.7 for P in in. Hg
aw V dpP
Then —d?— w = 70.7E7—,E
70.7 V dP
= = — -4
or w 3T & (3E4)
Since the reading of the rate of climb indicator (dH/d<, ft/min)-is
dH _ 70.7 dpP . . _ pgay
i p_g T (asobtamed from the buoyancy equation dP = 707 ]
the leakpge in terms of rate of climb is
V(pg) dH
= 2 E-
Y T mar & (3E-5)

These efjuations are also useful in establishing inspection test leakage limits for dugt systems.

4. EMERGENCY RELEASE OF CABIN PRESSURE

e required to release the cabin pressure is of interest to the designer in esta

blishing effec-
and in providing

= estimates of pres-

sure release time were obtamed from the llterature (Ref 5) and are presented below.

In practice the aircraft will almost always be descending while the pressure is being released, and
the actuation time of the supply air shutoff and cabin pressure release valves may be appreciable.
For accurate estimates of time of pressure decay, it will be necessary to know the descent path of
the aircraft and the rate of change of inflow and outflow as the valves are actuated, and then to
perform a stepwise calculation of pressure versus time. Temperature is usually assumed constant,
owing to the heat transfer from cabin surfaces and the relatively long pressure decay time.
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4.1

For the period during which the pressure ratio between cabin and ambient is supercritical, the
following time is required to decay from P=P, to P=P,:

Vi W, — W,
T = ®:12) In [ ! ’] (3E-6)
Wy Wy =W
where at any instant
15.63 CAR,
w = —— " fromRef 7 (3E-7)
T

o

Following this, the time of pressure decay in the subcritical pressure ratio periodis giyen by

8.35Vw W, = w, |
e 206V [ VAP, - vrsz — [ L GE®)
RCA VP, T RP,(CA) Wy — W,

a’ch

where at apy instant the subcritical flow can be found from Fliegner’s approximation;

P(P,—P
¥ = 31.8CA __c”T_“) from Ref. 5 (3E-9)

cb

and where|the subscripts 1 and 2 denote initial and final conditions, respectively.

Low Pressure Ducting to Outflow Valve
When low pressure cabin ducts are used t0-conduct exhaust air from the cabin to|the outflow
valve, the|ducts may require a relief damper to prevent collapse if the outflow valye is rapidly
opened for pressure release. (Se€ Fig. 3E-1.) Altematively, the duct can be |designed to
withstand the collapsing pressure.imposed during transient high-flow periods.

x OUTFLOW

VALVE
) B .-
/ \ /RELIEF]IT‘

-~
A EXHAUST DUCT ~ DAMPER

PRESSURE_CABIN ——}—+ AMBIENT

Figure 3E-1 - Low pressure exhaust duct

The pressure drop from the cabin, A, to the end of the low pressure duct, B, is the collapsing
pressure at B, and can be calculated from known duct geometry and the maximum anticipated
instantaneous flow.

1 Ambient may or may not be freestream or pressure altitude
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S. ENERGY RECOVERY FROM CABIN AIR DISCHARGE

It is possible to recover some of the energy expended in compression of fresh air for the cabin by
releasing the cabin exhaust air through an aft facing nozzle, thereby producing propulsive thrust.
The nozzle must be a variable area type in order to provide cabin pressure regulation and obtain
high jet velocity. An example of the value of this scheme is given for an aircraft flying at Mach
0.8 at 40,000 ft (P, = 5.54 in.Hg) and releasing 50 1b/min of 67 °F air from an 8000 ft cabin (P, =
22.22 in.Hg).

The nozzlle pressure ratio is

Assume 2 5% loss in duct and nozzle friction; then

~v

cb

2|

Fap

Pa

P cb

In general: _P:
Solvingg M
T

In general: 7,]-
Solvi g
olving: F
In general: a

(See Eq. 1B-50 of AIR1168/1)

—— = 401

(0.95)(4.01) = 3.81

(1 +02M?2)35 (See Eq(1B-62 of AIR1168/1)

1.53 (velocity of'the air jet)
1+ 0.2M2 (See Eq. 1B-56 of AIR1168/1)
T,

j
— = 0.6811
ch

VYgRT = V(1.4)(32.2)(53.3)T = 49T, or a; = 4NT,

and a,;, = 4NT, = 49V67 + 460 = 49527 = 1125 fps

a:
Fherm ” =—FfF,; = V0.6 1T =0:8253
From the definition for Mach Number:

M = it

a
4;

Then V,, = Maj = Ma_, —

acp
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