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PREFACE

This study was conducted and report prepared by the Douglas
Aircraft Company, a Division of McDonnell Douglas Corporation,
under a contract for the Federal Aviation Administration of
the Department of Transportation. The effort is part of a
study for the improvement of aircraft tire operational safety.
Technical monitor for Federal Aviation Administration was
Mr. Robert C. McGuire, FAA Program Manager. A number of
airlines cooperatively supplied valuable tire failure and
related airframe damage cost data which made the tire pressure
system cost—effectiveness study possible. Many actual and
potential suppliers of tire pressure indicating systems and
devices cooperatively supplied concepts and ideas presented
in the study.
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I I N T R O D U C T I ON

The p u r p o s e  of t h i s  s t u d y  is to  e v a l ua t e  a i r b o r n e  t i r e
pressure indicating s y s t em s  and d e vi c e s  as a potentially cost
effective means of minimizing premature tire removals , and

• t i r e  f a i l u r e s  and a t t e n d a n t  a i r c r a f t  dam age , on a i r  c a r r i e r
jet transports. Both wheel mounted devices such as fill

• v a l v e / p r e s s u r e  g a u g e s  and c o c k p i t  i n d i c a t i n g  t i r e  p r e s s u r e
sy s t e m s  a r e  i n v e s t ig a t e d .

D e s p i t e  a i r c r a f t  and a i r c r a f t  t i r e  m a n u f a c t ur e r s
recommendation to check aircraft tire pressures daily for
o p t i m um  t i r e  m a i n t e n a n c e , t h i s  may n o t  a l w a y s  be p o s s i b l e .

• Aircraft tires , however , require frequent maintenance
attention. It is known that any aircraft tire may lose up to
5 p e r c e n t  of i t s  i n f l a t i o n  p r e s s u r e  in any 24—hour period.
Consequently, the chances of any tire becoming underinflated
is significant.

However , the probability is not without cause; for example
du e to a pa r t icu la r ai rli n e r ou te  structure difficulty may be
experienced in performing daily tire pressure checks or
a i r c r a f t  may r e t u r n  to  a p r i m a r y  m a i n t e n a n c e  f a c i l i t y  onl y
once  e v e r y  two to  t h r e e  d a y s .  A l s o , i n c l e m e n t  w e a t h e r
i n c r e a s e s  t h e  d i f f i c u l t y  in p e r f o r m i n g  t i m e l y  t i r e  p r e s s u r e
checks  p a r t i c u l a r l y  on an 1 8 — w h e e l e d  a i r p l a n e .

Increased awareness of the importance of good tire
maintenance has produced tighter maintenance practices with

-• attendant improvements in tire failure rates. The use of a
tire pressure indicating (TPI) system or device , however , can
f a c i l i t a t e  t i r e  p r e s s u r e  c h e c k s  and  c o u l d  be an e f f e c t i v e
means of reducing costs and improving operational tire
s a f e t y .

The intent of the TPI system is obviously to advise or w a r n
of low pressure that occurs after pushback or taxi—out or

• t a k e o f f  r o l l .  W i t h  t h i s  warning the maintenance and/or
flight crew can t a k e  w h a t e v e r  c o r r e c t i v e  a c t i o n  is n e c e s s a r y
to prevent the possible consequences of an underinflated
t i r e , namely a tire failure and possible aircraft damage.
W i t h  t h i s  in mind , it then becomes necessary to define what a
tire failure is , the cause of tire failures and the
consequences of those tire failures in terms of cost and
increased hazard exposure. Tire pressure indicating devices

• and s y s t e m s  are discussed and evaluated in the body of the
report and tire failure data and damage costs are summarized
in A ppendix A. Applicability of TPI systems and analysis of
cost of tire failures has been examined for the DC—8 , DC—9 ,
DC—jO , B—707 , B— 727 , B— 737 , B—747 and L iOll aircraft.

The pu rp ose of t h e  w h e e l  m o u n t e d  g a u g e  is to f a c i l i t a t e  t i r e
pressure checks by maintena•nc e and by the f l ight crew on w a l k

~: ~~~~~~~ - ~~~~~~~~~~ •~~~~~~~~~ • 
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a rounds  so tha t under in f l a ted ti r es may be mo re r ead ily
de tected at the ramp .

The potential utility of a cockpit tire pressure indicating
system can be appre ciated by reviewing typical incidents that

• have occurred on some major commercial transports. These
incidents typically involve loss of pressure in one tire
early during the taxi roll due to a tire or wheel failure or
foreign object damage such as running over a light standard
when turning onto the runway. This early failure is
unde tected by the flight crew and the takeoff is continued
u n t i l  the overloaded mated tire fails and the takeoff is
aborted at high speed with significant damage to the aircraft
and risk to the passengers. An early warning to the flight
crew of the f irs t ti re f a ilu re may have avoided the
a s s o c i a t e d  damage  or greatly reduced the damage and the risk
to aircraft and passengers. The cost and additional
complex ity of systems that can accurately read actual tire
pr essure may be further justified if they become the accepted
means  of p e r f o r m in g  t i r e  p r e s s u r e  c h e c k s.

I
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II. TIRE PRESSURE INDICATING DEVICES AND SYSTEM CONCEPTS

A. INTRODUCTI ON

First , the design criteria for wheel mounted gauges and
devices will be discussed with available units described.
Two fill valve gauges and one wheel mounted pressure switch
with hand held interrogator that have been specifically
designed for aircraft are descriFed with tradeoffs and
comments on service experience included.

Next , cockpit tire pressure Indicating system design criteria
is d i s c u s s e d  w i t h  emp h a s i s  on t h e  i m p o r t a n c e  of e l i m i n a t i n g
all p o s s i b l e  f a l s e  low tire w a r n i n g s  on takeoff roll. The
s y s t e m  c o n c e p t s , v e r y  f e w  of w h i c h  a r e  c u r r e n t l y  a v a i l a b l e
for aircraft off—the—shelf , are d i s c u s s e d  by m a j o r  c a t e g o r y .
Eleven  s y s t e m s  w e r e  i n c l u d e d  in t he  s t u d y  a f t e r  r e v i e w i n g
over  t w e n t y  c o n c e p t s .  The m a j o r  c a t e g o r i e s  i n c l u d e :

1. D i r e c t  P r e s s u r e  S e n s i ng  C o n c ep t s

a) Analog Pressure Sensing

Sy s t e m s  wh ich  can measure and optionally display actual tire
pressure in the cockpit via some form of axle coupler that
allows reading of tire pressures with the aircraft in all
flight and ground conditions;

b )  D i s c r e t e  P r e s s u r e  S e n s i n g

Systems which provide go—no—g o type indication using wheel
mounted pressure switches coupling via a magnetic circuit
that interrogates switch position once every wheel
r e v o l u t i o n ;  and

c)  U l t r a s o n i c  or RF T r a n s m i s s i o n

• S y s t e m s  which p r o v i d e  d i s c r e t e  go—no—go indication of a low
tire via radio frequency or ultrasonic transmission (although
no supplier ultimately proposed such a system for aircraft
the general concept will be discussed) .

2. I n d i r e c t  Low T i r e  Sensing Concepts (Go—No—Go )

a)  S y s te m s  u s i n g  Bogie Strain via weight and
balance type systems to indirectly detect low tire pressure;

b )  M e c h a n i c a l  a pp r o a c h e s  that attempt to use
axle  h e i g h t  or bogie  t i l t  to detect substantially
under inflated tires (although potentially simple , no
d i s c u s s i o n  was  i n c l u d e d  as no f e a s i b l e  c o n c e p t s  were
discovered), and

3 
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c)  A sys tem wh ich p roposes  to use
differential anti—skid wheel speed to detect changes in
roll ing rad ius be tween two ti res on the sa me gear  whe n one
becomes underinflated .

• In virtually all cases the concepts are proprietary or have
proprietary features which are the property of the particular
supplier. To protect these proprietary rig h ts only tha t
information which is generally public knowledge is described
in this report. Many of the concepts are covered by patent
or pa tent disclosures. Further , each syst em has a code or
concept letter which is used throughout to avoid implication
of rank ing of a sp ec if ic man uf a c tu r e r ’s design concept. The
airline or airframe manufacturer using this report should ,
t h e r e f o r e , f i n d  it useful as a general guide on the pros and
cons of general design concepts when considering or
e v a l u a t i n g  a s p e c i f i c  device  or system for their fleet.

B. D E S I G N  CONCEPTS  — T I R E  P R E S S U R E  I N D I C A T I N G
SYSTEMS/DEVICES -

1. Wheel mounted fill valve/gauge and devices —

General Design Criteria.

The following design requirements are general guidelines that
may be useful in the selection of gauges , sw it ches or
transducers that may be mounted on an aircraft wheel. H
Spec if ic va l ues may be al tered based  on a p a r ti cu la r  user s
exper ience. The criteria presented is specifically for a
fill valve/gauge.

O P E R A T I O N

The article shall provide a valve port to allow tire
inflation and an integral gauge to continuously display the
inflation pressure.

INFLATION MEDIUM -

The article shall be suitable for service with dry nitrogen
or air.

PRESSURES

The ar ticle shal l  be des igned f o r  690 p sig burst pressure and
460 psig proof pressure based on a nominal inflation pressure
of 170 to 180 psig.

OPERATING RANGE

The opera tin g ra nge of the p r e s s u r e gauge  sha l l  be 100 psig
to 300 psig. Pointer direction for increasing pressure shall

- • 4
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be clockwise or left to right. Gauge pointer shall have
mechanical restraint above 300 psig.

OPERATING TEMPERATURES

The ar ticle shall be designed to withstand —65 degrees F to
• +300 degrees F operating temperatures.

SCALE ERR ORS

The sca le er r o r  f r o m +40 d eg ree s F to +12 0 d eg rees F sha l l
not exc eed ± 4 psig at the 200 psig set point and otherwise
as shown in F i g u r e  1.

TORQUE REQUIREMENTS

• The a r t i c l e  s h a l l  be torqued to a maximum of 200 lb—in on
i n s t a l l a t i o n  and sha l l  not yield or deform with 300 lb—in
to r q u e .

GAU GE RESPO N SE

Gauge  p o i n t e r  s h a l l  i n s t a n t a n e o u s l y  r e s p o n d  to i n c r e a s es  or
decreases in pressure due to filling and fluctuations in tire
p r e s s u r e s .

GAUGE FACE

The pointer position shall be legible at a distance of at
least two feet. As a design objective , the circular scale
sha l l  cove r  a t  l e a s t  3 /4  of the  g a u g e  c i r c u m f e r e n c e.  G a u g e
f a c e  w i l l  be m e c h a n i c a l l y  p i n n e d  to  case  to  p r e v e n t  m o v e m e n t .
Gauge face may be color coded with acceptable pressure bands ,
r e f i l l  and  r e p l a c e  b a n d s  or may be p l a i n  so t h a t  gauge  may be
used  i n t e r c h a n g e a b l y  on nose  and m a i n  gear  t i r e s  on the same
aircraft and on different aircraft.

FAIL SAFE LEAKAGE

With the pressure sensing device fractured , after one minute
the pressure loss should be no more than 5 psi per h o u r  f r o m
a 5.24 cubic foot or l a r g e r  t i r e  r e s e r v o i r  p r e s s u r i z e d  to 200
psig.

GAUGE CRYSTAL

Gauge crystal shall be sealed to prevent moisture , dust and
fluid from obscuring the face. Shock loads shall not damage
seal interface. Gauge crystal shall be transparent and
impact resistant material which is resistant to commercial
aircraft cleaning solvents , aircraft hy d r a ul ic f l u id , and
MIL—H—56 06 hydraulic oil. Gauge crystal , and vent seal

5
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ZERO CALIB RATION
POINT IS PERMISSIBLE

GAGE FACE

2X SIZE

SET POiNT • 

0• PRESSURE: 100 200 300
• 

ACTUAL SIZE

cONDITION

TOLERANCE: *5 *4 ±5 40°F TO 120°F
PSI

1 ±7 ±6 ±7

• ANO12I°F T0 250°F

±8 ±8 *8 251°F TO 300°F

• FIGURE 1. TOLERANCE SPECIFICATIONS, WH EEL-MOUNT ED
FILL/VALVE GAGE
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ma ter ial , if used , should be approved by the aircraft
man ufacturer.

I N S I D E  DIAMET E R OF F ILL  VALVE

Gauge mechanism shall not infringe on valve core thread
d iameter for full length of fill valve.

INSTALLATION POSITION

The article shall be capable of installation in any position ,
and pointer indication shall not exceed the tolerance
specified in Figure 1.

SHOCK LOADS

The article shall be capable of withstanding l OO g in each of
the three mutually perpendicular planes in a positive and
negative direction for a time duration of 11 milliseconds ,

-
• 

- and shall reach that level in 5.5 milliseconds ± 1 ms. for a
t o t a l  of 18 s h o c k s .

R E S O N A N C E  F R E Q U E N C I E S  AND V I B R A T I O N

Resonances must be greater than 24 Hz

The article shall be capable of withstanding:

5 to 31.3  Hz .4  d o u b l e  a m p l i t u d e , i nches
31.3 to 51 Hz 20 g a c c e l e r a t i o n
51 to  81 Hz .15 d o u b l e  a m p l i t u d e , inches
81 to 1 ,00 0 H z +50 g acceleration

- 
I AC CELERATI ON

The a r t i c l e  s h a l l  be capab l e  of w i t h s t a n d i n g  a c c e l e r a t i o n s
• per M I L — G — 8 3 0 1 6  e x c e p t  a c c e l e r a t i o n  is 1, 000g i n s t e a d  of

3,000 g,  temperature is 300 d e g r e e s  F i n s t e a d  of 360 deg rees
F , and p r e s s u r e  is 460 p s ig  i n s t e a d  of 550 p s i g .

Concept A — Tire f i l l  v a l v e / g a ug e  s p e c i f i c a l l y  d e s i g n e d  f o r
aircraft: These gauges are designed with a multi—turn
helical Bourdon coil as a pressure sensing device . The
indicating pointer is attached directly to the end of the
coil resulting in a gauge with only one moving part. This
cons truction eliminates all linkages , gears , return springs
and other parts subject to wear found in the conventional C
tube pressure gauges thus improving its ability to resist

7
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wear  and damage  f r o m  v i b r a t i o n  and shock  over  l o n g e r  p e r i o d s
of usage.

The h e l i c a l  B o u r d o n  co i l  has  a n o m i n a l  o v e r p r e s s u r e  f a c to r  of
1 — 1/ 2  times p r e s s u r e  r a n g e .  H y s t e r e s i s  and f r i c t i o n  a r e
v i r t u a l l y  e l i m i n a t e d.  P r o p o r t i o n i n g  t h e  B o u r d o n  coi l  by
u s i n g  the  m u l t i — t u r n  h e l i x  r e s u l t s  in t h e  r e d u c t io n  of
s t r e s s e s  to g ive  e x t r e m e l y  long cyc l e  l i f e  and e n a b l es  the
gauge to retain its a c c u r a c y  d u r i n g  n o r m a l  u s a g e .

The gauge and th e fill valve are combined into one assembly
and this unit is mounted on the wheel iii the port provided
for the existing fill valve. The physical dimensions of the
gauge are such that the unit is within the wheel

• configuration and will not interfere with existing structures
• when the wheel is retracted.

The actual gauge is shown in Figure 2 in one version
developed for an airline that desired color banding. The
manufacturers gauge design has been service evaluated on Navy
F4’s and by a number  of major airl ines with a t leas t on e
airline already having retrofitted their fleet of 747’s and
DC—10 ’s. The gauges have been reported to be working
sa tis f a c to r ily and have prov ided val id tir e re moval war nings
in early service. Once sufficient service experience has
been gained the airline may eliminate the requirement to
cross  check  p res su res w ith ha nd he ld  ga uge s to take adva nt ag e
of the maintenanc e coat savings from reduced tire pressure
check times (see cost effectiveness section).

Concept B — an integral tire fill valve/gauge: Specifically
designed for aircraft from another manufacturer. This gauge
offers a different gauge face arrangement with the fill valve
offset from the center of the gauge. The construction of the
gauge is similar in that it is a helically wound Bourdon tube
sealed at one end with the pointer firmly attached and the
other end op en to the pressure source. When pressure is
app l ied , the Bourdon tube tends to unwind. The configuration
of the tube —— number  of tu r ns, diameter , tube shape —— is
such that response to the pressure change within the tube is
of suff iLient magnitude that the pointer will be deflected
directly without intervening devices. Thus , a p r essur e gauge
with one moving part and no friction surfaces is achieved .
The Bourdo n tube of the sensor is made of Inconel X—753 for
exceptional temperature , physical and chemical stability.

In addition to the features claimed by the manufacturer which
— include high reliability, r ugged cons t ruc ti on , retention of

8
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FIGURE 2. WHEEL MOUNTED FlU. VALVE,TIRE PRESSURE GAGE—
CONCEPT A
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calibration with 150Z overpressure , and high burst pressure
the main advantage claimed is readability. The desigu of the
gauge allows the viewer to readily determine the tire
p r e s s u r e  w ith a qui ck glance. This feature is incorporated
by hav ing the air fill valve stem offset to one side of the
d ial f a c e ,  thereby not obstructing the viewability of the
pointer to the dial face. The pressure indicating pointer
pivot point is located in the center of the gauge. A picture
of this gauge is shown in Figure 3. Althoug h this specific
gauge is not believed to have been service tested to date it
is being qualified by at least one major airframe
manufacturer.

Concept C — Wheel Mounted Pressure Switch With Hand Held
I n t e r r og a t o r

The w h e e l — m o u n t e d  p r e s s u r e  s e n s or  and t r a n s p o n d e r  is a
standa rd  valve stem m o d i f i e d  by the  a d d i t i o n  of a r e f e r e n c e

• chamber containing a pressure switch , two diodes and a coil.

The pressure switch consists of a miniature snap action
microswitch activated by a pressure sensitive nesting ripple
type bellows formed in such a way that it will have large
deflections under the influence of a small pressure
differential applied.

The svitch point is preset anywhere between 50 and 500 psi at
the factory by precharging the sensor reference chamber with
dry nitrogen and sealing the chamber. This method corrects
for temperature induced changes in pressure (temperature
compensated).

The hand—held ba ttery—powered interrogator and “LOW/SAFE”
indicator contains all the electronic circuits necessary to
interrogate the sensor and display the information received
from the sensor. The red color light on the interrogator
stands f or “low ” and the gre en col or light stands for “saf e”
or normal tire pressure.

Two coils are located in the interrogator head. One is a
transmitting coil and is excited with a hig h f r e q uen cy
carr ier modulated by a low frequency reference signal. By
coupling a third coil (located in the pressure sensor) to the

• coils in the interrogator unit , and shunting it with a diode ,
a signal at modulation frequency results in the receiver
coil. If the diode polarity is reversed , th e phase polarity
of the signal in the receiving coil is reversed. This is
essent ially the function of the pressure sensor. The
detector is arranged such that with zero input , bo th lamp s

• 10
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are  o f f .  Input polarity determines which lamp turns on , the
g r e e n  f o r  go and t h e  red f or  n o — g o .  The e q u i p m e n t  is shown
in Figure 4.

The manufacturer of this concept has hardware virtually
available off—the—shelf. Although the hardware has been
evalua te d by severa l  a irl in es , it is believed that there has ,
to date , been no service experience accumulated. One
operator with a large fleet of narrow body twin jets has been

• considering fitting their fleet with the system and placing
the interrogator in the cockpit for flight crew use on walk
around. -

H 
_ _

FIGURE 3. WHEEL MOUNTED FILL VALVE /TIRE PRESSURE GAGE—
• CONCEPT B -•

HAND-HELD INTERROGATOR/INDICATOR SCANNING UNIT ACTUAL SIZE
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FIGURE 2. SYSTEM BLOC K DIA GRAM 
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capa~ eof 14AOO 2iecond InterrogatI ofls per charge.

FIGURE 4. FILL VALV E PRESSURE SWITCH WITH HAND-HELD INTERROGATOR--
CONCEPT C
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2. Candidate Cockpit Indication Systemo — General
Design Cri teria

The environmental design requirements outlined in paragrap h
II B1 above for fill valve gauges apply to any component
mounted on a wheel for tire pressure detection such as
pressure transducers that may be used in a cockpi t ind ica ting
system. There are , how eve r , add itional criteria that apply
to cockpit indicating systems which are very important.

The con tract statement of work which established the
requiremen ts for this report stated that “TPI systems shall
be des igned so tha t f a ilur e of the TP I sys t em shal l  no t
compromise the safety of a parent system nor result in false
pressure ind ications which would require a scheduled flight
to be aborted. ”

This obviously would appear to be a valuable design criteria
sinc e f a l s e  warn ings tha t ca use an abor ted ta k e o f f  ca n be
costly and hazardous. A system that is designed to reduce
hazards by prov iding an early warning of an impending tire
problem should not actually increase exposure to hazardous
abor ts by giving false warnings.

• Before this was accepted as an absolute design criteria , the
situa tion was d iscussed with p ilo ts and a irl ine perso nnel
involved in the selection of such a system. Virtually 100%
of the pilots and potential airline users contacted
(approx imately 30 individuals total) listed as their most
important concern about a cockpit indicating TPI system was
tha t it give reliable and accurate indications free from
false warnings. In mos t cases , this was vehemently
expressed.

Therefore , the main design criteria by which all systems are
judged in this  r epor t , is their ability to operate 100% free
from false warn ings. In other words a cockpit indicating
system shall be able to always differentiate between an
actual low pressure tire and a tire that merely appears to be
low through a system fault. The reliability analysis and the
tradeoff study in this report will comment further on the
ability of the systems to meet this criteria.

The second design criteria , and only slightly le ss important ,
ii that the TPI system should be capable of detecting its own
passive failures that would cause it to fail to properly
indicate a low tire. The estimated ability of each sys te m to

• meet this cri teria is also discussed in the Reliability
• section.

• A l t hough , i t  may be a r g u e d  t h a t  the  h i g h  r e l i a b i l i t y  of a
p a r t i c u l a r  des ign  or the  s h o r t  e x p o s u r.  pe r i od  on t a k e o f f
roll  makes the  p r o b a b i l i t y  of f a l s e  or p ass ive fa i lures

12
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remote still it is believed that approaching the design from
the viewpoint of allowing no false warning and undetected

• passive failures will ultimatel y produce a system that most
closely meets this objective. Further , it is not believed
t h a t  t he  i m p o s i t i o n  of t h i s  c r i t e r i a  w o u l d  u n f a i r l y  e l i m i n a t e
less  e x p e n s i v e  or s i m p l e r  a p p r o a c h e s  to  T P I .  All  s e r i o u s
proposals for aircraft systems have been included in this

• s t u d y  w i t h  c o m m e n t s  made  on t h e  ability of the various
sy s t e m s  to  m e e t  t h i s  c r i t e r i a .

a. D i r e c t  P r e s s u r e  S e n s i ng  C o n c ep t s

• 1. A n a l o g  t i r e  p r e s s u r e  d e t e c t i o n

Concept D — T i r e  C o n d i t i o n  S e n s o r  ( A n a l o g  P r e s s u r e  In d i c a t i o n
— Coc kp i t )

The first concept in the category of systems which detect
• a c t u a l  t i r e  pressure is based on two building blocks:

o P r e s s u r e  T r a n s d u c e r s  W h i c h  P i ck  U p Ti re D a t a

• o A Mic r op r o c e s s o r W h i c h C o n t r o l s , P r o c e s s e s
and  D i s p l a y s  Thi s D a t a

• The t r a n s d u c e r s  r e c e i v e  p o w e r  and  t r a n s m i t  t h e i r  s i g n a l s  back
th r o u g h  an i n d u c t i v e  c o u p l i n g  — c o n c e n t r i c  c o i l s  — to  t h e
p r o c e s s i n g  and  d i s p lay u n i t .  T h i s  u n i t  c o n t a i n s  t h e
m i c r o p r o c e a s e r  w h i c h  c o n t r o l s  t h e  d i s p l a y  to  t h e  c r e w.

A pre—dete rm ined , inflexible hi— b limit can be set so that
all  t i r e  p r e s s u r e s  a r e  c h e c k e d  to  see if they exceed these
l i m i t s  and  a g o / n o — g o  m e s s a g e  c o u l d  be d i s p l a y e d  to  t he

• c r e w .  W h i l e  t h i s  m e t h o d  is s i m p l e  and s t r a i g h t  f o r w a r d , i t
has  some d r a w b a c k s .  I t  i g n o r e s  t e m p e r a C u r e  e n ti r e l y ,  wh i c h
h as an i n f l u e n c e  on p r e s s u r e .

One way of t a k i n g  t e m p e r a t u r e  i n t o  c o n s i d e r a ti o n , a l t h o u g h
in d i r e c t l y ,  is to t a k e  a l l  t i r e  p r e s s u r e s , a v e r a g e  t h e m  and

• c o m p a r e  each t i r e  and  see if t h e y  a l l  f a l l  in a pre-
determined band around this average. If any tire or tires
f a l l  o u t s i d e  t h e  b a n d  a n d / or  if any  t i r e  is o u t s i d e  of t h e
absolute hi and low , a warning would be displayed to the
c r e w .

Besides being able to identify system failures the system can
a l s o  be p r o g r a m m e d  so t h a t  up o n  c o m m a n d  i t  w o u l d  i d e n t i f y
each tire with the actual numerical value of the pressure in
t h a t  t i r e .  T h i s , c o u p l e d  w i t h  a r e m o t e  c on t r o l l e r  pl ugged in

L - 13
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a t a connec t po int in a whee l  we l l  can a id g ro und serv ic e
personnel in tire pressure inspection and maintenance. This
remo te con tr o l le r  co u ld inc lud e a pr in ter tha t wo u ld f u r n ish
a h a r d  copy  of t h e  t i r e  p r e s s u r e s  f o r  r e c o r d  keeping.

The sys tem can be p r o g r a mmed to ch eck all  ti r es and
automa tically stop or automatically scan all tires over and
over until manually stopped .

Since the system is very flexible , a number of display
configurations and modes are possible.

For the cycle and stop mode , the display could range from
• simple warning lights to alphanumeric indicators pinpointing

mis—inflated tires , actual pressures and so on. The latter
might look like Figure 5. When the read button is pressed ,
t he  s y s t e m  d i s p lay w o u l d  show “88” to  t e s t  all disp lay light
s e g m e n t s .  S h o r t l y  a f t e r  i t  w o u l d  d i s p l a y  “GO” if al l  t i r e s
were  p r o p e r l y  i n f l a t e d .  If a low t i r e  was d e t e c t e d  the
d i s p l a y  w o u l d  show t h e  t i r e  n u m b e r .  If t h e r e  is m o r e  t h a n
one m i s — s e r v i c e d  t i r e , e v e r y  t i m e  the  read  b u t t o n  is p re s sed ,
the  ne xt  bad t i r e  n u m b e r  wou ld  be d i sp l a y e d .

When  al l  t i r e s  have  been  c h e c k e d , t h e  end of check  message
“EE” would show and the sys tem cou ld be turned  o f f  by
pressing the read button one last time. If all tires are
good the d isp l ay  wou ld  show “GO.”

• The system has a self check capability and will warn the
operator of two kinds of failure.

1. System failure. An “FF” will be di sp layed after “88”
when read button is pressed . This will indicate a
malfunction in the computer rendering the whole system
inoperative.

2. Wheel component failure. An “F” plus the wheel number
will be displayed. For example , “F13” indicating that no
information can be obtained from tire No. 13 due to a
component malfunction in that particular wheel.

Con cept D has been developed and bench tested. Aircraft
testing is planned but at this point not yet accomplished.

I .— .......

• l I i uo l l  I i . . . •
• I__i

FIGURE 5. PROPOSED COCKPIT SYSTEM DISPLAY INDICATOR (CONCEPT D)
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Concept E — Tire Pressure Indicating system (Analog Pressure
— Cockpit )

The s e c o n d  d i r e c t  t i r e  p r e s s u r e  r e a d i n g  s y s t e m  is d e s i g n e d  to
measure and display the tire inflation pressure and/or any
measurable wheel or tire parameter. These parameters may be
measured and displayed whether the wheel is rotating or
s t a t i o n a r y .

The system is comprised of f i v e  e l e m e n t s :  ( F i g u r e  6)

1. Miniature Pressure Transducer 1 per wheel
2. D a t a  P a c k a g e  1 per w h e e l
3. Rotating Magnetic Slip Ring 1 pe r  wheel
4. D a t a Red u c t i on and  Mu l t i p l e x  U n i t  1 pe r  a i r c r a f t
5. Co~ kpit Display Unit 1 per aircraft

The pressure transducer mounted in the tire inflation valve
a s s e m b l y ,  or o v e r f i l l  v a l v e  a s s e m b l y ,  s ense s  t h e  i n f l a t i o n
p r e s s u r e , p r o d u c i n g  a 6 — b i t  b i n a r y  w o r d  once  eve ry  100 msec .
This permits measurement of the pressure to the nearest 2 psi
or better , assuming a maximum pressure of 250 psi.

A t t h e  d a t a  r e d u c t i o n  u n i t , t h e  i n d i v i d u a l  t i r e  i n f l a t i o n
p r e s s u r e s  can be c o m p a r e d  to  o t h e r  t i r e  m e a s u r e d  p r e s s u r e s ,
as we l l  as c o m p a r e d  to  p r e s s u r e s  s t o r e d  in p r e p r o g r a m m e d
m e m o r y .  

-

One of the areas of concern is presenting a false pressure
reading which would result in an unwarranted and costly a b o r t
or turnaround. This can be minimized as follows :

[LOW TIRE

PRESSURE TRANSDUCER 
COCKPIT (!~~~Y ~~~~~~~~~~~~~~~~~~~~~

DATA PACKAGE 
~~ I• ) f DATA REDUCTION UNIT

MAGNETiC SLIP WHEELS
RING

FIGURE 6. ACTUAL TIRE PRESSURE INDICATING SYSTEM (CONCEPT E)
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1. Add hi—b ’s plus parity bits to the basic ~~ b it word.
These bits would verify the integrity of the system ,
incl ud ing the p r e s s u r e  t ra n s d u c e r , si n ce ex t reme br idg e
unbalance (due to opens or shorts) would add extreme readings
and failure of the A— D (Analog to Ditigal conver te r)  wou ld
nega te the parity bits .

2. Secondly, comparison between adjacent and other aircraft
• wheels would permit flight engineer ’s analy sis based on

pr essure and temperature. Thus , false data due to system
• malfunction can be easily determined.

A typical hubcap axle — mounted magnetic s1ip ring unit is
shown in Figure 7. This design is based on mounting the

• 
coaxial transformer at the anti—skid transducer drive
interface. In this case , the rotat ing coil is assembled to
the bellows drive; and the nonrotating coil is assembled and
concentrically registered to the anti—skid transducer.

Th is sys tem is in the concep tual stage of dev elopmen t wit h
• on ly  t h e  t r a n s f o r m e r / c o u p l e r  a c t u a l l y  b ench  t e s t e d .

Concept F — Linear Variable Differential Transformer (LVDT)
System (Analog Pressure Cockpit)

This sy s t em p r o v i d e s  a d i r e c t  l i ne a r  r e a d o u t  of a i r c r a f t  t i r e
p r e s s u r e .  Once t h e  t i r e  p r e ss u r e  s i g n a l  is o b t a i n e d , i t  is
t r a n s f e r r e d  a c r o ss  t h e  i n t e r f a c e  b e t w e e n  t he  r o t a t i n g  t i r e
and wheel and the landing gear . The concept recommended
involves a stainless steel bellows mounted in the hubcap as a
device  f o r  t r a n s l a t i n g  t i r e  p r e s s u r e  i n t o  l i n e a r  m o t i o n  and a
linear variable differential transformer (LVDT) to convert
the  l i nea r  mo t i o n  i n t o  e q u i v a l e n t  e l e c tr i c a l  s i gna l s  u s a b l e
for dr iving the cockpit display . The coil. assembly of the
LVDT is fastened to the face of the existing wheel speed
transducer mounted in each axle with the shaft of the LVDT
mounted to the bellows on the hub cap. The system can read
pressure with the aircraft moving or stationary . The wheel
h a r d w a r e  is shown con ceptu a l ly  in Figure 8 wh ich shows th e
air passage required to bring tire air from the wheel into
the hub area. The valve arrangement shown on the hub cap is
needed to seal the tire cavity when the hub cap is removed.
When the cap is re p lac ed th e valve is opened to al low ti re
air to enter the hub mounted bellows.

• An alternate to this concept has been proposed by the same
m a n u f a c tu rer  tha t r ep lace s the LV D T wi th a be l lows dr iven
thrust bearing that bears on a load cell mounted on the face
of the anti—skid transducer. Both of these approaches are in

16
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FIGURE 8. TIRE PRESSURE SENDING VIA BELLOWS -DRIVEN LVDT (CONCEPT F)
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t h e  c o n c e p t u a l  s t a g e  of d e v e l o p m e n t .  This  c o n c e p t  cou ld  a l so
be a p p l i e d  to  a i r c r a f t  no t  f i t t e d  w i t h  an a n t i s k i d  s y s t e m  b u t
a l l  the  s t u d y  a i r c r a f t  do have antiskid systems.

Concept C — Tire Pressure Indicating System via Slip Rings
(Analog Pressure — Cockpit )

The system designed for large commercial aircraft , consists
of tire pressure transducers , a wheel/axle positive contact
signal coupler , a microprocessor controlled computer , and a
display panel output. The axle coupler provides a method for
positive and direct transferal of signal data from the
transducer to the TPI computer. This is accomplished through
a special slip ring assembly. The TPI computer will be
housed in a standard ATR short box which will be
environmentally sealed.

A “tire pressure low ” warning will occur whenever two
adjacent tire pressures differ by approximately 20Z or
whenever any tire falls below a predetermined fixed minimum
warning threshold. The computer will incorporate a failsafe
system to detect component failure , inconsistent results , or
other types of system malfunctions. The overall system
accuracy with respect to warning thresholds is estimated to
be ±~~•
Selection of the proper microprocessor allows minimum
hardware and minimum interconnects for reliability. In
addition , all input and output lines from the computer will

• - be optically isolated from the environment so that transients
or noise from the environment cannot affect the accuracy or
reliability of the system.

I
19



_____________ _____________________ —— ~~~~~~~~~~

2. B i n a r y  or Di s c r e t e  P r e s s u r e  Sens ing  Sys tem
(Discrete Pressure — Cockpit)

Concep t H — Tire Deflation Warning System

This system is intended to monitor the tire pressure of an
a ir c r a f t , to detect if this pressure has decreased below a
dangerous value that threatens tire integrity. This
detection is performed by pressure switches mounted on the
wheel rims and which are in motion with them while the

• aircraft is taxiing. The data transmission between the
wheels in motion and the fixed part of the landing gear is
made by electro—magnetic induction. The signals are treated
elec tronically and the warning signals are displayed on the
instrument panel. A transmitter—rece iver circuit observes
the magnetic state of the pressure switch circuit while the
aircraft is taxiing . A data processing unit processes the
re sponse signa l s  del ivered  f r o m the wheels  an d sends a
warn ing signal to the cockpit when a deflation is detected.
The a ir c r a f t is re qui red to t rav el a t a spe ed of a t leas t 3
kno ts before a correct warning signal is obtained. Then the
system is inhibited when the taxi speed is less than 3 knots
and more  than 80 kno ts , and when the aircraft is airborne.
Acc uracy of the switching pressure is ~~~ 

of the pressure.

TIRE YA—~ INTERROGAT ION

: 1 ~ WIRES

• ( 

RIM 

— 

BRAKE 

~~ 
~~~~— TRANSM ITTER/RECEIVER CIRCUIT -

I AXLE

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1___ ..._ \

~

_ .  TRANSFER CIRCUIT

FIGURE 9. WHEEL MOUNTING CONFIGURATION (CONCEPT H)
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The unit sensitive to the pressure is a pressure switch type
piston—spring. When the tire pressure is above the warning
press ure , the spring is compressed , and an electrical contact
is established between the piston and a set screw. When the
pressure in the tire drops to the warning pressure , the
contact of the pressure switch opens.

The transmitter—receiver circuit observes the magnetic state
of the pressure switch when the aircraft is taxiing. These

- two circuits are opposite each other. Thus 4 wires are
required from each stationary wheel circuit to the computer.
The spacing between the coupler iB about 10 mm.

When a wheel is deflated , the data processing unit does not
receive any signals from the corresponding channel , and sends
a warning signal to the cockpit with a 3 second delay. A

• diagram of the coil installation is shown in Figure 9.

Concept 1 — Differential Valve Discrete TPI System (Discrete
Pressure — Cockpit )

A system which could be adapted to any aircraft wheel
configuration is designed for sensing low tire pressure on
any aircraft. It utilizes the differential valve as the
“brains ” and the remaining tire pressure for the “muscle ” to
activate a warning signal.

The following numbers being each denoted a specific area on
Figure 10 will give a better understanding of the system.

1. Tire Pressure Sensing Port.

2. Differential Valve #1 — — replaces the normal serv—
• ice valve and is calibrated to activate when 

-

routine service is required.

3. I n d i c a t i n g  service valve cap — — bright yellow p in
(when visible) indicates air should be added for
optimum tire pressure.

4. Differential valve #2 — — calibrated to activate when
c o r r e c t i v e  a c t i o n  by f l ig ht crew should be initiated.

5. A ir Passage — — Pressurized only when differential
valve #2 is activated.

6. Sta inless Steel Bellows — — Extended when differ—
ential valve #2 is activated.

-
• 21
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FIGURE 10. PROPOSED DIFFERENTIAL VALVE DISCRETE TPI SYSTEM
INSTALLATION (CONCEPT I)
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7. Fixed Contact — — Communication with extended
bel lows  ( 6 ) r o v ide s ele ct r ical gr ou nd pa th f or
flight station indicator.

8. Flight Station Indicator.

A further refinement of this system combines the two
differential valves into one and adds a pressure transducer
in passage #5. This transducer is connected only when the
bellows is extended making slip ring contact across the air
gap. Thus the slip rings do not have to be in continuous
contact for wear and for the short time they are in contact ,
contact forces can be high. The transducer can then be used
as a reasonableness check to protect against false warning
due to a failure of the differential valve.

Concept J — Discrete TPI System (Direct Pressure — Cockpit )

The system , similar to concept } , has been developed for
highway vehicles. It consists of the following components.

1. Pressure Switches at the Tire Fill Valves.

2. Coupling Coils (Rotating in Conjunction with
Whe els).

• 3. Transmitter/Receiver Coils.

4. Al E l e c t r i c  C o n t r o l  U n i t .

5. A Wa rning Unit (Indicates F a i l u r e s  O p t i c a l l y  a n d / o r
A u r a l l y ) .

The system requires the vehicle to be in motion to function.
The first automatic check—out of the system is the functional
check of one wheel circuit counter , output signal amplifier
and warning unit. If no component failure is detected the
warning unit will indicate a “false failure ” which will be
cancelled after the first wheel revolution is completed. The
system is at fault if no false warning is indicated prior to
the start of wheel rotation.

Wh ile the a~~rcraft is rolling the tire pressure in each
individual wheel is continuously monitored at periodic
In tervals. In order to accomplish this task , the electronic
con tr ol un it del iv e r s  an AC out pu t signal , wh ich is
cons tantly present at the transmitter coil of each wheel . As
soon as the cou pling coil — which is attached to each wheel
and wh ich is p ar t of a n independen t elec tr ical circu it

23 
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together with the pressure switch — is in a position exactly
• the opposi te to the t ransm itt er co il, an induc tive AC signal

is fed back through this circuit to the electronic control
unit via the receiving coil. (See Figure 11).

Th is however  is t rue  only  as long as the ti re p ress u re is
above nom inal p r e s s u re , th us keep ing the press ure sw itch
contact closed and the coupling circuit uninterrupted .

In case of low tire pressure — with an open pressure switch
and interrupted coupling circuit — there will be no return

• signal to the electronic control unit. The unit will detect
the abnormal  cond ition and imme d ia tely p r ovide a warn in g to
the operator .

The above men tioned check—out of each individual tire
pressure is constantly accomplished by the electronic control
unit in a predetermined sequence as long as each individual
tire pressure is above nominal.

In order to increase the system reliability, the electronic
• - con trol un it re ceives the ret urn signals  f r o m  th e wheels  v ia

two separate channels for double—checking purposes.

4 W IRES

PRESSURE SWITCH 
RECEIVING COIL

L~
J 71i..~ ~~~~ TRANSMITTER COIL

COUPLING COILS ~~~
] L_.~ ii~i 

-

L_ ..S_ J L 

FIGURE 11. COUPLING COIL CIRCUIT (CONCEPT J)
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Concep t  K — D i s c r e t e  TPI System Via Hub Mounted Switches
(D irec t Pr ess u re — Cock pit )

This  s y s t e m  is a low t i r e  p r e s s u r e  w a r n i n g  s y s t e m  d e s i g n e d  to
w a r n  t he  d r i v e r  of a highway vehicle underinflated tire ,
loose r i m , whee l  or a h o t  b e a r i n g .

The system consists of a sensitive pressure detecting system
• installed on the hub of each wheel. This system connects to

the valve stems of both tires (adapts to a single tire when
not used on duals). The system is preset for desired warning
pressure with a flashing warning light. When any tire
connected to the system falls below the preset warning
pressure the flashing light is instantly activated.

- 
CRDUS SECTIDU OF UNIT

FDU DUAL TIRES

WI TH THE~~ DUIA T 

~~E~1 . 

VALVE ST ! N - 2

~ L !~~ii:• / / ,-/••
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FIGURE 12. HUB-MOUNTED SWITCH INSTALLATION (CONCEPT K)
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The system is equipped with thermostats to detect hot
bear ings.

• An inflating hose attached to the air brake reservoir
• prov ides a simple tire inflating method on the road

eliminating the changing of tires between terminals (truck
installation).

The push buttons on the unit serve a dual purpose.

a. For Testing the System.

b. For Testing Individual Tire Pressure.

Multiple warning lights can be installed to pin—point
malfunctioning of tire or bearing.

The hub mounted switches are shown in Fig. 12.

3. Rad io Frequency (RF) or Ultrasonic Data
Transm iss ion

A number of poten t ial suppl iers d iscuss ed th is me thod of
transmitting tire pressure information from the rotating
wheel to the aircraft. Due either to the difficulty in
me eti ng spec if ic des ign re qui re m en ts such as f a i l ur e mode
criteria or due to individual manufacturers lack of interest
or capability in aircraft applications of their concepts no
serious proposals were received utilizing RF or ultrasonic
data transmission techniques .

A key problem with RF transmission is how to power the
transmitter. Obviously bringing power across the axle/wheel
interface negates the value of RF transmission which
el imina tes the need f o r  axle co up lers and wir es at each
wheel. Ba tteries were proposed which would at least have
sufficient life to require changing when the tire was removed
f o r  wear , if the transmitter was only turned on by a pressure
switch when the tire got too low. The problem here became a
consideration of failure modes. How does the system detect
false warnings or a dead transmitter7 It cannot. Batteries
are excell en t f o r  power ing con tinuously op era tin g
t r ansm itte rs if they can be changed da ily such as in a ir craf t
testing applications. This seemed unacceptable for airline
opera tion.

O ther  me thods  of power ing tran sm itt er s were  p roposed  such as
a gen era to r bu ilt in to the wheel  hub  o r a pogo st ick typ e
dev ice mounted inside the tire that would provide a small
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a m o u n t  of p o w e r  when  d e f l e c t e d  a t  t h e  b o t t o m  of each t i r e
• revolution. These approaches were not seriously proposed as

it appeared the installation simplicity of the RF system was
being outweighed by added complexity of the transmitter
powering device. Further to get around the problem of
failure modes due to failures in the transmitter discrete
keying method multi ple (one for each tire) transmitters
continuously in contact with the sane number of receivers

• began to appear to be too complex.

The ultrasonic method is a proprietary concept that allowed a
smal l  a m o u n t  of t i r e  a i r  to  be used  to  b low an u l t r a s o n i c
w h i s t l e  when tire pressure dropped below a certain point.

• 
4 

Failure modes such as a failure to actuate when a tire was
actually low , an actuation when the tire was not low , a
failure to turn off the whistle once started causing complete
t i r e d e f l a t i on , t he  p o s s i b l e  need  to  add an a c c u m u l a t o r  w i t h
enoug h a i r  t o  b l ow t h e  wh i s t le wh en t h e  t i r e f a i l e d

• e x p l o s i v e l y  and  o t h e r  c o n s i d e r a t i o n s  c a u s e d  t h e  m a n u f a c t u r er
to  w i t h d r a w  t h i s  p r o p o s a l.

b. Indirect Low Tire Pressure Sensing .

C on c e p t  L — Wei g h t  and B a l a n c e  Low T i r e  I n d i ca t i o n  ( I n d i r e c t
I n d i c a t i o n  — C o c k p i t )

The weight and balance system (WBS) presently in service on
one wide  body  a i r c r a f t  can be u t i l i z e d  to sense a b lown  or
low pressure tire on the main landing gear. Additional

• w i r i n g  f r o m  m a i n  l a n d i n g  g e a r  j u n c t i o n  boxes  to  t he  lover
electronics bay area would be required. A 1/4 s h o r t  ATR box
located in the lower electronics bay would be required to
house tire indication circuitry. Indication of a blown tire
is p r o v i d e d  to  t h e  m a s t e r  c a u t i o n  w a r n i n g  p a n e l  by a c o n t a c t
closure to ground to drive a single light. The warning light
is duplicated on a control panel at the flight engineers
s t a t i o n .  Two a d d i t i o n a l  l ig h t s t o  iso la t e  t h e t i r e failure
to one of the main landing gears are also p r o v i d e d  a t  t h is
location along with test , reset , and power pushbutton
s w i t c h e s .

27
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S y s t e m  D e s c r i p t i o n

Main landing gear. The weight and balance system (WBS)
transducers measure the shear deflection of the bogie beam or
axle be tween each tire and the vertical strut. Under normal
operating conditions each main gear tire reacts an
ap proximately equal amount of force but there are relatively
smal l  d i f f e r e n c e s  between tires. The small differences
cau8ed by uneven terrain , friction in pitch pin , braking, and
ro l l  momen ts are  a v e r a g e d  out by ins tall ing four transducers
on the main gear , one for each tire. A blown tire will cause
the forces to redistribute drastically such that the force on
the blown tire becomes zero or nearly so , the force on the
directly opposite tire is doubled , the forces on the other
two tires remain approximately the same . This large
difference in forces allows a blown tire to be sensed with
ease if the proper circuitry is provided.

As the system is now configured the four transducers are
wired in parallel at the landing gear. The resultant output
to WBS computer is the average vertical force on the gear.
Braking forces are cancelled by the forward and aft pair of
transducers. Torsional forces are cancelled by the inboard
and outboard transducers of a pair. A blown or low tire
indication must be sensed by comparing the individual outputs
then be recombined to provide the extraneous force
cancella tions mentioned above .

System Interconnect ion

The fo ur transducer signal pairs from each main gear must be
routed to the blown tire indication unit.

Af ter the f irs t ti re bl ows out the second ti re expec ted to
blow would be the one just opposite which would be carrying
twice the normal weight. If the transducer associated with
these two tires were connected as a pair , the first blown
tire would cause an indication. If the second tire blows the
forces redistribute back to normal. The reset button could
be depressed and the blown tire indication could be falsely
dele ted. To preclude this the diagonal transducers are
connected as a pair.

Nos e Gear Cen ter Sw it ch

An output from the electronics unit is provided so that when
the nose gear is not centered the electronics unit will be
deactivated. This is done to insure that there will be no
false indication when the aircraft is turning.
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I n d i c a t o r  U n i t

Two i n d i c a t o r  li g h t s , L.  Main  and R.  Main are all driven from
the electronics unit by latching relays. After a blown tire
is i n d i c a t e d  t h e  relays remain latched , even i f power  is
temporarily interrupted , until the reset button is depressed.
If the blown tire has not been replaced and the aircraft is
not airborne the blown tire indication will return after the
reset button is released. While airborne depressing the
reset button would reset the relays to their initial
condition and the blown tire indication circuits would not be
activated again until approximately 75% of the basic or empty
weight was again carried by the main landing gear.

Th e te s t b u t t o n is p r ov i d e d  to allow a confidence check of
t h e  t i r e  i n d i c a t i o n  s y s t e m .  D e p r e s s i n g  the test button
i n s e r t s  s i g n a l s  at  t h e  i n p u t  of t h e  s i g n a l  c o n d i t i o n i n g
ci r c u i t s t h a t s im u l a t e  b lown t i r es o n t h e  t w o in boa r d t i r es
o f t h e  r i gh t  m a i n  g e a r , a nd t h e  two  i n b o a r d  t i r e s  of t h e  l e f t
m a i n  gea r .  If t h e  e l e c t r o n i c  c i r c u i t s  a s s o c i a t e d  w i t h  each
of t h e s e  tires is operating properly the two individual gear
lights will be lighted. The test circuit will operate either
w h i l e  a i r b o r n e  or w h i l e  on t h e  g r o u n d .  Th i s  t e s t  c i r c u i t
t e s t s  85% of t h e  c o m p o n e n t s  of t h e  s y s t e m .  An a d d i t i o n a l
t e s t b u t t o n , now p r o v i d e d  o n l y  on t h e  e l e c t r o n i c s  u n i t  would
be r e q u i r e d  to  i n c r e a s e  t h e  c o m p o n e n t  t e s t  p e r c e n t a g e  to  9 4 % .

Co n c e p t  M — W e i gh t  And B a l a n c e  — B l o w n  T i r e  I n d i c a t o r
(I n d i r e c t  I n d i c a t i o n  — C o c k p i t )

The concept N Blown Tire Indicating system was designed to
w a r n  t h e  c r e w  t h a t  t h e y  had  a b l o w n  t i r e  or deflated strut on
the B—747 . The design of the system takes advantage of the
existing weight & balance equipment already on the aircraft .
The sensing technique operates on the theory that if a tire
sh ou ld bl ow , the transducer output related to that wire would
decrease. With proper summing and comparing transducer
outputs alarm conditions can be detected. This technique can
also be used to detect a deflated strut.

[ - 

- 
STRUT/TIRE INDICATOR -

1 WING •~~ 
BODY • WING BODY -

STRUT STRUT TIRE TIRE

RESET 

- 

f NORMAL 
-

FIGURE 13. STRUT/TIRE INDICATOR (CONCEPT M)
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The sys t em co nsists of two bas ic componen ts: the channe l
comparator , and the strut! tire indicator (Fig. 13). In
addition to existing weight and balance components. The
function of the tire alarm system , is to rece ive signals f r o m
the weight & balance aids output and to provide an alarm when
the difference in any pair of complementary channel signals
is greater than a predetermined level. Two alarm levels are
prov ided , one for static operation , wh ich will allow closer
to l e r a n c e  a l a r m  lev els , th is level  is use d when the air c r a f t
is at rest. The second level is used for dynamic operations.
It has a wider alarm band to allow for the greater variations
encoun tered when the aircraft is rolling.

In order to accomplish this , transducer outputs in the weight
& balance system have been rewired. The most desirable
w i r i n g  m e t h o d  is shown in F i g .  14. If a tire for examp le #3,
should deflate then the transducer output related to that
ti re wo u ld dec rease  and then , beca use of the bogie design ,
the transducer output from 3’ would a lso  dec rea se , wh ile the
outputs from 4 and 4’ would increase. The resulting
difference in outputs between channels 3 and 4 would be
grea ter than the nor mal opera ting d if f e r e nce , allowing
elec t ro ni c compara tor c irc uit s to sense th is d if f ere nce and
produce an alarm. Similarly, if s t r ut W i was d e f l a ted ,
outputs 3 and 4 would be lower than outputs 5 and 6,
resulting in a strut alarm condition. The system at present
can d e t e c t  a b lown  t i r e  or d e f l a t e d  s t r u t  in either wing or
body without distinguishing between the left or right side of
the aircraft.

S p
1 2

4 ~ 3A 4*
I 

~~~
___.~~~~~~

‘
~
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~~~~~~ 
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4’ 81 4A’ 3*’

FIGURE 14. PROPOSED WIRING METHOD FOR THE WEIGHT AND
BALANCE SYSTEM (CONCEPT L)
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The strut/tire indicator is housed in a separate case that
will mount in the standard panel mount on the engineer ’s
panel. This panel contains lights that will advise the crew
of the location of a blown tire or deflated strut along with
a RESET OFF and TEST switch. The RESET OFF switch is used to
disable the alarm in the event of an operational false alarm
conditions , such as might be created during a tight turn .
The OFF position (maintained OFF) side of a switch breaks the
continuity of the +28V energizing relays and indicator
lights. This would also reset the alarm circuit. A latching
type alarm was incorporated in order to sense two or more
blown tires , providing that they do not occur simultaneously
but sequentially, separated by two to five seconds minimum.
The alarm will see the first blown tire , latch and remain
latched until the alarm condition is eliminated and the RESET
switch pushed.

The TEST switch- is used to compare the signals of the
individual bogie or gear to determine if the alarm system is
functioning properly. This approach was taken to avoid
possible errors caused by lateral unbalance in a loaded
aircraft. All alarm lights will come on when either of the
momentary TEST switches are pushed. This alarm can be reset
by using the reset switch. Both momentary switches should be
in the normal position under standard operating conditions.

Concept N — Wheel Speed Sensing (Cockpit Indicating)

One manufacturer has proposed a wheel and brake advisory
system which among other antiskid system and brake system
monitoring functions is designed to detect underinflated
tires when the aircraft is rolling. The system uses existing
a n t i s k i d  s y s t e m  t r a n s d u c e r s  f o r  whee l  speed i n f o r m a t i o n  and
is claimed to be able to reliably detect tires that are over
50% under inflated. The system was originally developed for
t h e  D C — 8  and  has  been  s e r v i c e  t e s t e d  in a v e r s i o n  t h a t  d i d
n o t  o f f e r  t h e  u n d e r i n f l a t i o n  d e t e c t i o n  f e a t u r e .  A l a t e r
version of the system with the underinflation/flat tire
detection feature developed for the B—727 has been tested
o u t s i d e  of n o r m a l  r e v e n u e  s e r v i c e .

The s y s t e m  i n t e n d e d  f o r  i n s t a l l a t i o n  on boa rd  a B — 7 2 7  t y p e
aircraft was designed to detect and indicate the following
condition of the tires , wheels , and brakes.

a. Tires
—— U n d e r in f l a ted and bl own ti re s

b. Wheels -
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—— Bear in g breakdown , etc.

c. Brakes
—— Overheated bound brakes at taxi out.
—— Binding or draggy brakes after take—off.

Inboard and outboard wheels will be compared for a and b ,
individual wheels will be compared for condition c.

The system will operate from the present anti—skid wheel
speed t r a n s d u c e r s , without affecting the anti—skid system in

• any  manner whether the anti—skid system is on or off. It
c o n s i s t s  b a s i c a l l y  of a c o n t r o l  box , 3/ 8 ATR s h o r t , and
suitable annunciation indicators.

By u t i l i z i n g  the  p r e s e n t l y  i n s t a l l e d  wheel  speed t r a n s d u c e r s
a m i n i m u m  a m o u n t  of a d d i t i o n a l  wi r ing  wil l  be r e q u i r e d .
Additional wiring to the cockpit is minimal and might consist
of one i n d i c a t o r  and power  c o n t r o l .  I n d i v i d u a l  in d i c a t i o n  of
m a l f u n c t i o n  can be i n d i c a t e d  at  the  c o n t r o l  box .

The p r e s e n t  a n t i — s k i d  t e s t  wi l l  a l so  check the  whee ls  and
b rake  advisory  sy s t e m .

The s y s t e m  d e t e c t i o n  set  p o i n t s  f o r  all phases  of o p e r a t i o n
may be read ily cha nged , f o r  ins tance ,  in the gro und mode ,
wheel difference comparison detection threshold and the time
dura tion of speed difference . This allows the system to be
read ily ada pt able to var ious ty pes of air c r a f t and va r ious
cond itions without minor changes.

The s y s t e m  may be i n h i b i t e d  in the  gr o u n d  mode at any
p a r t i c u l a r  speed  (60  k n o t s )  w h e r e  o p e r a t i o n  of t he  s y s t e m  may
not  be r e q u i r e d .

The system can be inhibited via nose wheel steering to
prevent wheel speed differences while turning the aircraft to
cause false malfunction indication.

The s y s t e m  may also be i nh ib i t ed  in the  g round  mode o p e r a t i o n
for aircraft attitude or tilt caused by a crosswind.

In the airborne mode at lift—off the system by means of nose
wheel re lay  logic  changes  the  sys t em d e t e c t i o n  to i nd iv idua l
wheel  d e c e l e r a t i o n  r a t e  t ime and ind ica tes  a b ind ing  b rake if
one should  occur  u n t i l  g e a r — u p  logic i n h i b i t s  t h e  sys t em.
This method of detecting a binding brake is more reliable and
r e a l i s t i c  than  compar ing  pa i red  wheel d e c e l e r a t i o n , i.e. 2
wheels  could  conce ivab ly  have bi nding brakes  and compar ing
them to each other would not indicate that either brake was
decele r a t i n g  the  wheel  too soon .
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A b inding brake then occuring after lift—off and before gear—
up command , would give an indication , latch up the indication
system and continue to indicate a malfunction until manually
reset.

The system is offered with the underinflation detection
feature only. The manufacturer claims that a 50%
underinflation condition was stably detected by the system
during taxi tests at 15 knots on a 727. A 25% underinflation
should be detectable at 30 knots with corresponding higher
sensitivities at slightly higher speeds.

Concept 0 — Low and Failed Tire Detection/Indicating System
(Indirect Indication — Cockpit)

Information from a new strain gage based weight and balance
system manufacturer received late in the report study is
included although the concept has not been analyzed as part
of this report. It is based on comparing the signals from
the WB S (We ight and Balance System) load deflection
transducers mounted in a four—way arrangement on each bogie
beam. The system can detect tire differential pressure
conditions with either bogie—mounted or axle—mounted
transd ucers , for either two—wheel or four—wheel gear. The
differences between transducer signals (indicated loads) for
each pair of wheels are chiefly proportional to the tire
pressure differences. A differential tire pressure of 5% can
be reliably detected under static conditions and that a
differential pressure of 20% can be detected under the
dynamic conditions of the take—off or landing roll. The
system consists of landing gear mounted deflection sensing
transducers , remotely located multiplexers which obtain
individual transducer signal information , a computer and a
c o n t r o l  and d i s p l a y  u n i t .  T h e r e  a re  no s t r u c t u r a l
m o d i f i c a t i o n s  r e q u i r e d  f o r  t he  t r a n s d u c e r  i n s t a l l a t i o n  on
m o s t  p r e s e n t  w i d e — b o d y  a i r c r a f t .

The m a n u f a c t u r e r  has  a lso p r o p o s e d  t h a t  t he  t i r e  s t r u c t u r a l
or t r e a d  a n o m a l i e s  a r e  d e t e c t a b l e  by d y n a m i c  a n a l y s i s  of t h e
w e i g h t  t r a n s d u c e r  s i gna l  and t i r e  r o t a t i o n  i n f o r m a t i o n .  W i t h
appropriate digital signal processing techniques , tire
d e f e c ts can be de tec ted even in the p r esenc e o f
runway/taxivay roughness , brak ing, and other operational
factors. Such a system may provide early warning of t h r ow n
t r e a d s  or t r e a d  c o n d i t i o n s  t h a t  w i l l  soon cause  loss of t h e
cap.

33

--5- -—— -—~~~~~~~~~~~~~~~~ - 5 - - - - - ~~-- • • ‘ - • . •~~~

-I —~~~~~~MA’~ ~~~~~~ ~- 
-.“ ----- - u----- 

~~~~~~~~~



____  ~~— -

I I I  A N A L Y S I S  OF SYSTEM DESIGN FEATURES AND COMPARISONS

A. WHEEL MOUNTED GAUGES AND D E V I C E S

Co ncep t  A and B gauges  are  well  su i t ed  to the  i n t e n d e d
appl ication. They provide a quick and easy way for
ma intenance personnel and flight crews to check tire
p r e s s u r e .  B y f a c i l i t a t i n g  t i r e  c h e c k s  t he  g a u g e s  shou ld
al low u n d e r i n f l a t e d  t i r e  to be c a u g h t  b e f o re the  ca rcass  is
damaged o r b e f o r e  the  t i r e  f a i l s .  There  shou ld  be b e n e f i t s
in terms of reduced maintenance time (see Maintainability
sec tion )  and poss ibly  r educed  ti r e f a ilure ra te s due to the
i n c r e a s e d  f r e q u e n c y  of t i r e  c h e c k s .

A b uyer may choose between the two gauges based on their own
p r e f e r e n c e  f o r  d ia l  d e s i g n  or t he  p a r t i c u l a r  m a n u f a c t u r e r .
The de s ign  and p e r f o r m a n c e  of t h e  g a u g e s  s h o u l d  be
equ ivalent. The buyer further can choose to buy gauges with
color banding or with plain faces. Color banding requires
d i f f e r e n t  g a u g e s  to  be pu r c h a s e d  and s t o c k e d  f o r  d i f f e r e n t
whee l s  and t i r e s  f o r  a p a r t i c u l a r  a i r c r a f t  or  a i r l i n e  f l e e t .
i t  has t he  d i s a d v a n t a g e  of i n c r e a s e d  cos t  and t he  r i sk  of
i n s t a l l i n g  the  w r o n g  g a u g e  on a whee l .  Co lo r  b a n d i n g  has  t h e
advantage of improved readability and eliminates the need for
maintenance crews or flight crews to refer to tire inflation
char ts.

No colo rbanded  or p l a i n  dial  f a c e s  a l lows one gauge to be
ins tal led pe rha ps on an en t i re  a irl ine ’s f l e e t th us red ucing
spares and stocking costs. This gauge does however , requ ir e
that some reference be made to tire inflation charts. These
char ts are readily available to maintenance crews but may not
be so r e a d i l y  ava i l ab l e  to f l i g h t  crews .

One complaint leveled at the gauges has been that their
readability particularly at night and during inclement wet or
snowy weather is impaired particularly if the gauge is upside

• do wn at the  b o t t o m  of the  wheel .  All  cons idered , howeve r .
wheel mounted gauges appear to be a significant advance in
aiding good tire maintenance.

Concep t C pressure switches with handheld interrogator
app roach to t i r e  m a i n t e n a n c e  may also f i n d  a c c e p t a n c e .  W i t h
th i s  app roach s e p a r a t e  f i l l  valve s w i t c h e s  are r equ i r ed  f o r
each wheel  t y p e  ( d i f f e r e n t  p r e s s u r e )  as w i t h  colo rbanded
gauges .  The hand held  i n t e r r o g a t o r  p rov ides  a ve ry  r eadab le
go—no—go i n d i c a t i o n  day o r n i g h t  and should  e l i m i n a t e  t h e
need f o r a f l a s h l i g h t  t h a t  is p robab l y r e q u i r e d  to read
ga uges a t  n i g h t .

When c o n s i d e r i n g  the  added cost  of t he  hand he ld
i n t e r r o g a t o r , p rob lems  of s t o r i n g  the  i n t e r r o g a t o r  and
mai n t a i n i n g  the  i n t e r r o g a t o r  the  wheel  moun ted  gauge has some
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advantages. Also an analysis should be made of interrogator
and switch failure modes to determine if there are failures
which cause the interrogator to fail to detect a low tire.
Also to maintain accurate indication of a tire that is 10 to
15 psi underinflated the pressure switch must (as it is) be
temperature compensated. The problem with temperature
compensation is that it will mask a tire that has become
underinflated due to the cooling of the tire air mass when an
a irp la ne la nds and pe rhaps  ov ern ights in a cold climate. .
(This will be discussed further in a later section).

~~ COCKPIT INDICATION VS. GROUND R E A D O U T  GAUGES
S 

What are the relative advantages of ground readout devices
vs. cockpit indicating systems ? Obviously cockpit systems
are going to be significantly more expensive to install and
maintain. Can they be cost or safety justified?

In general , cock pit indicating systems that provide accurate
on aircraft readout of tire pressures , whether in the cockpit
or in another readily accessible location , once accepted as
sufficiently reliable , can provide the optimum ease in
checking tire pressures. Problems of weather that may
discourage checking wheel mounted gauges and eliminating
problems of reading gauges at night are all pluses for on—
board readout systems. The Concept D system even proposed a
hard copy printout of tire pressures for the aircraft log.
(This may require a hand held separate printer which could be
objectionable). As is shown in the maintenance section this
relative ease of use shows the on—board analog readout system
can provide an additional small cost saving in tire
maintenance time.

Based on the above analysis ground readout gauges offer a
major improvement at lower cost. The major area of
d i f f e r e n c e , h o w e v e r , is in t h e  a b i l i t y  of t h e  c o c k p i t
indicating system to warn the flight crew of a tire problem
t h a t  d e v e l o p s  a f t e r  p u s h  back , on t a x i — o u t  and t a k e o f f  r o l l .
Prom t h e  a n a l y s i s  of d a m a g e  cos t s  and i n c i d e n t s  and  a c c i d en t s
in appendix A , a case is developed that cockpit indicating
s y s t e m s  may be cos t  j u s t i f i a b l e  ( ex c e p t  f o r  some s t u d y
aircraft) due to reduced serious tire related rejected
t a k e o f f  i n c i d e n t s  and a t t e n d a n t  i n c r e a s e d  s a f e t y .

From t h i s  i t  may be c o n c l u d e d  t h a t  t he  mos t  s i m p l e  g o — n o — g o
system could be most cost justified , wheel mounted gauges
cou ld  p r o v i d e  q u i c k  p r e s s u r e  c he c k s  a t  t h e  d o c k  and  a s i m p l e
g o — n o — g o  s y s t e m  cou ld  p r o v i d e  v a r n~~ng of a p r o b l e m  d e v e l o p i n g
a f t e r  p u s h b a c k .  However , when  c o n s i d e r i n g  f a i l u r e  modes  and
the requirement to reduce false warnings on takeoff roll to a
m i n i m u m , an a n a l o g  s y s t e m , w h e t h e r  or not  a c t u a l  p r e s s u r e  is
c o c k p i t  d i s p l a y e d , has  c e r t a i n  a d v a n t a g e s  b ey o n d  t he  ease  of
tire pressure readout.
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C. DESIGN CRITERIA/CONFORMANCE WITH FAR 25 — COCKPIT
I N D I C ATI N G S Y S T E M S

In r e v i e w i n g  t h e  r e q u i r e m e n t s  of FAR p a r t  25 as ap p l i c a b l e  to
c o c k p i t  TPI  s y s t e m s  s e v e r a l  i t e m s  w e r e  f o u n d , in a d d i t i o n  to
the  g e n e r a l  r e q u i r e m e n ts  f o r  p r o p e r  power  and l i g h t , th a t
a p p l y  to  f a i l u r e  c r i t e r i a.  These  p a r a g r a p hs a r e :

25.1309 EQUIPMENT , SYSTEMS AND I N S T A L L A T I O N S  (b )  The
airplane systems and associated components ,
c o n s i d e r e d  s e p a r a t e l y  and  in r e l a t i o n  to o th e r
s y s t e m s , m u s t  be d e s i g n e d  so t h a t  — —

( 1 )  The o c c u r r e n c e  of any f a i l u r e  c o n d i t i o n
w h i c h  wou ld  p r e v e n t  the  c o n t i n u e d  s a f e  f l i g h t
and  l a n d i n g  of t he  a i r p l a n e  is e x t r e m e ly
improbable , and

( c )  W a r n i n g  i n f o r m a t i o n  m u s t  be p r o v i de d  to  a l e r t
the  c rew to u n s a f e  s y s t e m  o p e r a t i n g  c o n d i t i o n s , and
to  e n a b l e  t h e m  to t a k e  a p p r o p r i a t e  c o rr e c t i v e
a c t i o n .  S y s t e m s , c o n t r o l s  and a s s o c i a t e d  m o n i t or i n g
and w a r n i n g  means must be designed to minimize crew
errors which could create additional hazards.

Al though , these paragraphs do not specifically prohibit false
w a r n i n g s  t h a t  may cause  a h a z a r d o us  a b o r t e d  t a k e o f f  t h e y  do
lend sup por t to the bas ic des ign c r i ter ia tha t req ui res
reduc ing possible false warnings to an absolute minimum.
Thus , pe r  t h e  d i s c u s s i o n  e a r l i e r  in t h i s  s t u dy  and  FAR 25
requirements , the first design criteria for cockpit
i n d i c a t i n g  TPI s y s t e m s , s h o u l d  be :

- 
— The TPI s y s t e m  sha l l  be so d e s i g n e d  f r o m  i t s  i n c e p t i o n
that false warnings that could cause a takeoff to be
abor ted are eliminated.

The second  c r i t e r i a  of s o m e w h a t  le s se r  i m p o r t a n c e  s h a l l  be :

— The TPI s y s t e m  sha l l  be c ap a b l e  of b e i n g  t e s t e d
periodically to determine the capability of the system
to  d e t e c t  a low t i r e  when  i t  oc c u r s .

In m e e t i n g  t h e s e  c r i t e r i a  s y s t e m s  ab le  to  m e a s u r e  a n a l o g  t i r e
p r e s su re  (Concep t s  D , E , F , C) have  a t h e o r e t i c a l  a d v a n t a g e
over d i s c r e t e  or b i n a ry  p r e s s u r e  s e n s i n g  a p p r o a c h e s .  W i t h
analog da ta  r easonab le ness checks  can be p e r f o r m e d  to
d i f f e r e n t i a t e  a c t u a l  low p r e s s u r e  c o n d i t i o n s  f r o m  s y s t e m
f a i l u res.  A r e a s o n a b l e  p r e s s u r e  r ange  f r o m  0 to 350 ps i
m i g h t  be e s t a b l i s h e d  w i t h  p r e s s u r e s  f a l l i n g  o u t s i d e  t h i s  band
co nsid ered to be “ha rdover ” circuit failures and not valid
low pressure tires. The probability of a circuit failure
t h a t  causes a f a l s e  p r e s s u re in d i c a t i o n  w i t h i n  the  r easonab le
range  must  be assessed f o r  each of the  p roposed  s y s t e m s  b u t
t h r o u g h  p roper  des ign  shou ld  be able  to be made i m p r o b a b l e .
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U n l i k e  a n a l o g  s y s t e m s  d i s c r e t e  p r e s s u r e  s e n s i n g  s y s t e m s  h a v e
no means of making a reasonableness check. The ability of a
pressure switch to switch when a tire loses pressure cannot
be a s ses sed  b e f o r e  t h e  f a c t .  M o s t  i m p o r t a n t l y  if a s w i t c h
f a i l s  and p r o d u c e s  a f a l s e  w a r n i n g  t h e r e  is no way to  c h e c k
( e x c e p t  in C o n c e p t  I ) ,  if t he  t i r e  is a c t u a l l y  low.
T h e r e f o r e , d i s c r e t e  s e n s i n g  c o n c e p t s  H , J , and  K may no t  be
hig hly favored.

I t  may be a r g u e d  t h a t  s t e p s  can be t a k e n  to  m i n i m i z e  t h i s
e f f e c t  w i t h  d i s c r e t e  s y s t e m s .  A r e s i s t o r  can be p l a c e d
across switch contacts , f o r  exam p le, to eliminate open
c i r c u i t s  in w i r i n g  to the  s w i t c h  f r o m  c a u s i n g  f a l s e  w a r n i n g s .
Further , cutting off tire warning indications above some
speed on t a k e o f f , c o u p l e d  w i t h  t h e  r e l a t i v e l y  s h o r t  t i m e
exposure to false warnings on takeoff , red uces the
probability that a hazardous abort might be falsely
i n i t i a t e d .  Some have  p r o p o s e d  two s e p a r a t e  s w i t c h  c i r c u i t s
on t h e  whee l  b u t  t he  p r o b l e m  b e c o m e s  w h i c h  one  is c o r r e c t  if
there is a disagreement particularly when each switch will
n o r m a l l y  have  a s l i g h t l y  d i f f e r e n t  s w i t c h  point.

With careful attention to circuit and switch design , the
t e n d e n c y  of d i s c r e t e  s y s t e m s  to  f a i l  p a s s i v e l y  or p r o d u c e
f a l s e  w a r n i n g s  c a n n o t  be e l i m i n a t e d .  Pas s ive  s w i t c h  f a i l u r e s
c o u l d  be d e t e c t e d  each t i m e  a t i r e / w h e e l  goes to  the  shop
( i . e .  once eve ry  s e v e r a l  h u n d r e d  l a n d i n g s )  r e d u c i n g  b u t  n o t
e l i m i n a t i n g  t h e  p r o b a b i l i t y  t h a t  t h e  s y s t e m  may be u n a b l e  to
d e t e c t  an a c t u a l  low t i r e .

With very careful attention to design of a reliable switch
and  t h o r o u g h  t e s t i n g  c a p a b i l i t y  of m o n i t o r  c i r c u i ts  w i t h
m o n i t o r  c u t o f f  above 100 k n o t s  on t a k e o f f , d e s i g n s  such as
t h a t  p r o p o s e d  by C o n c e p t  H m a n u f a c t u r e r  o f f e r  t h e  b e s t  means
of m e e t i n g  t h e  d e s i g n  c r i t e r i a  w i t h  a d i s c r e t e  p r e s s u r e
s e n s i n g  s y s t e m .  If such  a s y s t e m  o f f e r e d  s u b s t a n t i a l  cos t
savings it may be justifiable. The preliminary cost
e s t i m a t e s  do no t , h o w e v e r ,  a p p e a r  to  s u b s t a n t i a l l y  f a v o r
d i s c r e t e  m o n i t o r i n g  s y s t e m s .

Analog pressure monitoring systems , weight and balance
systems , and the s y s t e m  p r o p o s i n g  to  use a n t i s k i d  whee l  speed
to detect underinflated tires all have analog information to
evalua te (whether displayed or not). These systems are
f a v o r e d  f o r  f a i l u r e  d e t e c t i o n  a b i l i t y  in the  m a i n  s t u d y  and
t h e  r e l i a b i l i t y  s t u d y  i n c l u d e d  h e r e i n  (d o n e  s e p a r a t e l y) .  The
p o t e n t i a l  a d v a n t a g e  of each of t h e s e  c o n c e p t s  can be los t  if
s u f f i c i e n t  a t t e n t i o n  is no t  g iven  to  th e  f i n a l  d e t a i l  d e s i g n
of the system to eliminate false warnings.
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D. C O C K P I T  DISPLAYS — E V A L U A T I O N  OF

In a survey of fifteen test pilots , f l i g h t e n g i n e e r s  and
a i r l i n e  p i l o t s  h a l f  f av o r e d  t h e  d i s p l a y  of a c t u a l  t i r e
p r e s s u r e  w i t h  a “ low t i r e ” l i g h t  and h a l f  f a v o r e d  h av i n g  o n l y
a “ low t i r e ” l ight  w i t h  some m e a n s  of d e t e r m i n i n g  t he
o p e r a t i o n a l  s t a t u s  of t he  s y s t e m .  The s i ze  of t h e  a i r c r a f t
and c rew w o r k l o a d  c o n s i d e r a t i o n s  w e r e  f a c t o rs  in t h e
e x p r e s s i o n  of o p i n i o n .

Those  f a v o r i n g  a c t u a l  p r e s s u r e  d i s p lay  e x p r e s s e d  a d e s i r e  t o
know how much below the threshold pressure (i.e. specified
operations pressure); a tire had fallen to give them
a d d i t i o n a l  d a t a  to  dec ide  w h e t h e r  to  c o n t i n u e  the  t ak e o f f  or
a b o r t .  Also , s e v e r a l  f l i g h t  e n g i n e e r s  f e l t  t h a t  v a l u a b l e
pressure trend data might - be obtained for improved
m a i n t e n a n c e .  Those  f a v o r i n g  a l i g h t  only  i n d i c a t i o n  f e l t
h a v i n g  t h e  f l i g h t  e n g i n e e r  i n t e rp r e t  t i r e  p r e s s u r e s  w o u l d
r e q u i r e  c h a r t s  be p r o v i d e d  to  t he  f l i g h t  e n g i n e e r  which  w o u l d
be a useless burden.

Severa l  c o c k p i t  d i s p l a y  schemes  w i th  a c t u a l  p r e s s u r e  and/or
f a u l t  codes d i s p l a y e d  have  been p r o p o s e d.  S e l e c t i o n  of a
s p e c i f i c  d i s p l a y  s h o u l d  be d et e r m i n e d  l a r g e l y  by a i r l i n e
p r e f e r e n c e  or p l anned  s y s t e m  use.  C o n c e p t s  D , E , F , and C
could all d isplay  anal og p r e ssu re  or a d iscre te “low tire ”
l i g h t  i n d i c a t i o n .  W i t h  t he  same b a s i c  s y s t e m  and c o m p u t e r
s eve ra l  d i f f e r e n t  d i s p l a y s  mig h t  be o f f e r e d .  O t h e r  c o n c e p t s ,
of cou r se , do no t  have  t he  c a p a b i l i t y  of d i s p l a y i n g  a c t u a l
t i r e  p r e s s u r e .

In a “low t i r e ” l i g h t  on ly  a p p r o a c h  i t  has be en  s u g g e s t e d
t h a t  a “ s y s t e m  I N O P ”  l igh t  be added  t h a t  wou ld  come on
a u t o m a t i c a l l y  if t h e  s y s t e m  was t u r n e d  o f f  or had  f a i l e d
p r o d u c i n g  a f a l s e  “low t i r e ” i n d i c a t i o n.  The “ low t i r e ”
l i gh t  may or may no t  be s u p p r e s s e d  u n d e r  t h i s  c o n d i t i o n .  The
ides of the  “ IN O P ”  l i g h t  wou ld  be to w a r n  the  crew of s y s t e m

~~ u r e  w h i l e  s u p p r e s s i n g  f a l s e  low t i r e  w a r n i n g s  so t h a t  a
~~~ ~f f  may c o n t i n u e  u n i n t e r r u pt e d .  One a i r l i n e  b e l i e v e d ,
ho~~~v~~r , t h a t  w h e t h e r  t he  “ low t i r e” li gh t  or “ I N O P ”  l i g h t
were  on , t h e  c rew p r o c e d u r e  w o u l d  be t he  same —— to return
to  t he  d o c k .  I t  m ay ,  t h e r e f o r e , be d e s i r a b l e  to on ly  have
the  “ low t i r e” l i g h t  and  to  s u pp r e s s  f a l s e  w a r n i n g s  u n t i l  t he
n e x t  s y s t e m  s e l f — t e s t .  Thus  if t e s t e d  b e f o r e  p u s h b a c k ,
s y s t e m  f a u l t s  could  be v er i f i e d  and the  s y s t e m  r e p a i r e d  or
d i s p a t c h e d  i n o p e r a t i v e  to avoid  an u n n e c e s s ar y  a b o r t  and
r e t u r n  to dock on t he  p r i o r  t a ke o f f .

A g a i n ,  s p e c i f i c  a i r l i n e  or a i r f ra m e  m a n u f a c t u r e r ’s e x p e r i e n c e
or t h e i r  des ign  p h i l o s o phy m u s t  be t aken  i nt o  a c c o u n t  when
s e l e c t i n g  a c o c k p i t  d i s p l a y  fo r  a p a r t i c u l a r  s y s t e m.
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£. TEMPERATURE COMPENSATION/ACCURACY EVALUATION

Tire pressure varies according to temperature over a
considerable range. This variation must be considered in the
d e s i g n  of TPI s y s t e m s .  For e x a m p l e , p r e s s u r e  can c h a n g e
n e a r l y  ± 25% a t  e x t r e m e s  of t e m p e r a t u r e  when  r e f e r e n c e d  to
p r e s s u r e  at s t a n d a r d  c o n d i t i o n s .  W i t h  a 180 p s ig  a i r c r a f t
t i r e  i n f l a t e d  at  70 deg ree s  F , a c t u a l  p r e s s u r e  at  200 deg rees
F was 214 ps ig  and a t  —65 d e g r e e s  F was 139.3 ps ig  a change
of + 19% and — 2 3 % .

Thus , d i s c r e t e  p r e s s u r e  s e n s i n g  s y s t e m s  or ana log  s y s t e m s
b o t h  w i t h o u t  t e m p e r a t u r e  c o m p e n s a t i o n , could  e s t a b l i s h  low
p r e s s u r e  w a r n i n g  levels  at  abou t  135 to  140 ps i g f o r  t h e  180
ps ig  t i r e .  Thus , d i s c r e t e  p r e s s u r e  s e n s i n g  s y s t e m s  c o u l d  n o t
d e t e c t  t i r e s  less t h a n  40 ps ig  u n d e r i n f l a t e d  ( in  t h i s  c a s e )
un les s  t h e y  were  t e m p e r a t u r e  c o m p e n s a t e d .  An ana log  s y s t e m
with actual pressure of each t i r e  a v a i l a b l e  at  t h e  c o m p u t e r
could compare adjacent tires and provide an alarm if tires
are 15 to 20 psig different in pressure , allowing a much more
s e n s i t i v e  low p r e s s u r e  d e t e c t i o n  as wel l  as p r o v i d i n g  an
alarm if any tire falls below the 135 to 140 psig absolute
l eve l .  S e t t i n g  these thresholds higher , of course , raises
the  p o s s i b i l i t y  of f a l s e  low p r e s s u r e  w a r n i n g s  w i t h  a t i r e
that is cold soaked .

From the  above , it may be concluded that temperature
compensation of t he  s e n s i n g  element is desirable (i.e.,
T e m p e r a t u r e  c o m p e n s a t i o n  is i n c l u d e d  in Concept C and is an
available feature in the Concept B gauge.) However , airframe
and t i r e  m a n u f a c t u r e r s  r e c o m m e n d  i n f l a t i o n  p r e s s u r e s  w i t h o u t
r e g a r d  to t e m p e r a t u r e .  In o t h e r  w o r d s , a tire inflated to
180 psi g in a w a r m  c l i m a t e  and  f l o w n  to  a cold c l i m a t e  w o u l d
d r o p  in p r e s s u r e  to  say 155 ps i  w h i c h  may be b e l o w  t h e
p r e s s u r e  r e q u i r e d  by t i r e  i n f l a t i o n  charts for the next high
gros s  w e i g h t  t a k e o f f  and a i r  m u s t  be added  to  t h e  tire to
b r i n g  i t  w i t h i n  t he  a c c e p t a b l e  p r e s s u r e  r a n g e  p r i o r  to that
takeoff. With a temperature compensated gauge the original
180 ps ig  p r e s s u r e  would be displayed and would allow a tire
t h a t  is technically underinflated to go undetected.

On the high temperature side , which occurs more often due to
brake heat , a temperature compensated gauge is an advantage
s ince  i t  a l l o w s  the  o p e r a t o r  to  p r e d i c t  w h a t  the  tire
pressure will be when the tire cools. This is of value so
that air may be added to the warm tire if it will otherwise
be underinflated when it cools. An analog system or hand
held or wheel mounted gauge gets around this problem by
adding a requirement that tire to tire pressure difference be
no greater than 10 to 15 psi even though all are above limit
b e c a u s e  t h e y  a re  w a r m .
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Th us s ince  temp era ture  com p ensa ted pr essur e ind ica ti ons can
be mislead ing when tires are cold—soaked , temperature
c o m p e n s a t i o n  a p p e a r s  u n d e s ir a b l e .  Th i s  l i m i t s  d i s c r e t e
p r e s s u r e  m o n i t o r i n g  s y s t e m s  to  w a r n i n g  l eve l s  be low c o l d —
soaked p r e s s u r e s  t h a t  may o c c u r  on long high altitude flights
to avoid f a l s e  w a r n i n g s .  D i s c r e t e  s y s t e m s  can , t h e r e f o r e ,
o n l y  de tec t subs tan tia l ly  u nder in f l a ted ti res  wh ich may be
acceptable in terms of specific airline requirements for its.
TPI system. By comparing adjacent tires , analog sys-tems can
d e t e c t  s m a l l e r  p r e s s u r e  d e v i a t i o n s .

Analog systems that may be used for tire pressure checks in
lieu of a hand he ld  ga uge sh ould be n e a r ly  as acc u ra te as
h a n d  he ld  gauges or about ±3 p s ig .  (This is believed to be a
rea sonab le  tole ra nc e f or a good ha nd he ld  gau ge inc lud ing
“ r e a d ”  t o l e r a n c e) .  A c c u r a c y  of whee l  m o u n t e d  g a u g e  t o l e r a n c e
(See  F i g .  1) over  r e a s o n a b l e  p r e s s u r e  and t e m p e r a t u r e  r a n g e s
is ± 4 to  ± 5 psi. Tire pressure indicating analog system
manufacturers claim to be able to achieve accuracies between

± 4 and ± 6 psi  over  r e a s o n a b l e  t e m p e r a t u r e  r a ng e s  and ± 9 to
± 10 psi over the full temperature range to — 65 + 300 degrees
F. These  a c c u r a c i e s  a r e  p r e d i c t i o n s  and have  no t  been
se rv i ce  d e m o n s t r a t e d .

Part of the difficulty in maintaining accuracy is the  e r r o r
a c c u m u l a t i o n  in t h e  c o n v e r s i o ns  r e q u i r e d  to  b r i d g e  t he  t i r e
to ax le  gap .  C o n c e p t s  D and E , f o r  e x a m p l e , c o n v e r t  t i r e
p r e s s u r e  to an e l e c t r i c a l  s i g n a l , t h e n  c o n v e r t  t h a t  a n a l o g
signal to a frequency or digital signal to get the
i n f o r m a t i o n  ac ross  t h e  a i r  gap  t h e n  c o n v e r t  back  to a nal og
for d isplay. Each of these conversions allows possible error
accumulation. Also for ease of maintenance and reduced
maintenance time it is a firm design criteria that no on—
aircraft calibration shall be required.

I t  wi l l  be d i f f i c u l t  to m a i n t a i n  t o l e r a n c e s  and a c c u r a c i e s
f o r  o n — b o a r d  s y s t e m s  t h a t  can be attained under optimum
conditions wi th  h a n d — h e l d  gauges .  However , p r e d i c t e d
a c c u r a c i e s  a p p e a r  to  be s u f f i c ie n t  to  a l low use of t h e  s y s t e m
to d e t e c t  t i r e s  t h a t  a re  s l i gh t l y  u n d e r i n f l a t e d  and r e q u i r e
a i r  to be added  by t he  g r o u n d  c re w s .  O t h e r  c o n c e p t s  such  as
C t h a t  p r o p o s e  d i r e c t  c o n n e c t i o n  to  t h e  t r a n s d u c e r  a re
t h e o r e t i c a l l y  m o r e  a c c u r a t e  due to  t h e  e l i m i n a t i o n  of a n a l o g
to f r e q u e n c y  c o n v e r s i o n  s t e p s  r e q u i r e d  in m a g n e t i c  c o u p l i n g
schemes .

In r a n k i n g  t h e  t h e o r e t i c a l  a c c u r a c y  o b t a in a b l e  w i t h  each
ana log  a p p r o a c h  t h e y  c o u l d  be as f o l l ow s :

1. Conce pt G — Slip Ring — A c c u r a c y  p r i m a r i l y
l i m i t e d  by p r e s s u r e  t r a n s d u c e r  (no a n a l o g  to  d i g i t a l
c o n v e r s i o n  in whee l  m o u n t e d  e l e c t ro n i c s  due to  d i r e c t
c o n n e c t i o n  to  p r e s s u r e  t r a n s d u c e r)
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2. Concept E — Magnetic Coupling — C o n v e r t s  a n a l o g
t r a n s d u c e r  s i g n a l  d i r e c t l y  to  d i g i t a l  w o r d  b e f o r e
transmission across wheel axle interface via
t r a n s f o r m e r/ c o u p l e r .

3. Concept D — M a g ne t i c  C o u p l i n g — Converts
directly from analog transducer to frequency before
transmission then converts frequency to di gital word in the
c o m p u t e r .

The load cell or LVD T concepts should be only slightly less
a c c u r a t e  t h a n  t h e  above .  The a c c u r a c y  e s t i m a t e s  by each
c o n c e p t  v e n d o r  do n o t  n e c e s s a r i l y  a g r e e  w i t h  t he  a b o v e
because aircraft production and service experience has shown

• that proper design of the specific circuits involved in data
c o n v e r s i o n  is q u i t e  i m p o r t a n t  in m a i n t a i n i n g  a c c u r a c y .

F. SUMMARY OF RELIABILITY ANALYSIS

The c o m p l e t e  r e l i a b i l i t y  a n a l y s i s  of c o c k p i t  TPI  s y s t e m s  is
presented in Appendix B. A summary of the reliability and
Safety calculations is given in Table I, Appendix B. From
Tab le  I A p p e n d i x  B it can be seen that Concepts D , E , and F
( A n a l o g )  TPI systems have the highest reliability (i.e.,
highe st RTPI ) and provide the most safety (i.e., lowest
QFW and Q HAZ ). This is true even thoug h Concepts D, E ,
and F designs have a higher system failure rate than Concept
J ( f o r  e x a m p l e ) .  C o n c e p t  J ’5 (discrete pressure sensing) TPI
system has poorer reliability and safety because of t h e
higher percentage of undetected failures and failures that
cause false warnings.

The r e s u l t s  in Tab le  I , Ap p e n d i x  B show t h e  i m p o r t a n c e  of
e l i m i n a t i n g  a l l , if p o s s i b l e , of t h e “Ne ver  D e t e c t e d ”
un d e t e c t e d  f a i l u r es , i . e .  a l l  p a r t s  of t h e  TPI s y s t e m  s h o u l d
be checked to determine that they are functional during bench
tests. Also , the reliability and safety of the systems a r e
i n c r e a s e d  by r e d u c i n g  the  B I T E  and Acceptance test procedure
detected , undetected failures. Therefore , it is important
that as many as practical of the TPI system failures be
detected failures that are annunciated to the flight crew LI
when t he  f a i l u r e s  o c c u r .  In addition , it is important that
t h e  n u m b e r  of f a i l u r e s  that can c a u s e  f a l s e  w a r n i n g s  be
reduced to as few as possible.

I t  is n o t e d  in t h e  s t u d y  t h a t  t h e  p a r t s  c o m p r i s i n g  t h e  TPI
systems were determined from general descriptions of the
systems. Therefore , the specific type of part and the number
of parts used in this study will u n d o u b t e d l y  n o t  be e x a c t l y
the same as actually exist in each TPI system evaluated. NO
f a i l u r e  mode and e f f e c t s  a n a l y s i s  i n f o r m a t i o n  was a v a i l a b l e
In order to determine accurately the number of undetected
failures in each category (detected during B I T E , ATP or
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n e v e r ) .  Al so , more  d e t a i l e d  information of the systems is
• n e eded  to  more  accurately determine the values for Q(T&I) and

Q( M O N ) ,  t h e  probability of false indications due to
transients and intermittents etc., and the probability of a
f a l s e  w a r n i n g  due  to  a monitor threshold tolerance error ,
respectively.

However , the values used in the s t u d y  ( t h e y  we r e  based  on an
engineering judgment of the system designs from the a v a i l a b l e
i n f o r m a t i o n )  are considered to be reasonable representations
of the various TPI systems. The c a l c u l a t i o n s  t h u s  g ive  an
overview of the important reliability and safety aspects of
TPI sys tems , their magnitude and how they vary depending upon
s i g n i f i c a n t  d e s i g n  f e a t u r e s , such as the number and types of
p a r t s  used  wh ich  a f f e c t  t h e  s y s t e m  f a i l u r e  r a t e  and f a i l u r e
modes , the degree of monitoring to detect as many failures as
p o s s i b l e , and i m p l e m e n t a t i o n  of t h e  m o n i t o r  to eliminate
false warnings due to part failures and monit or warning
l i m i t s  be ing  inadvertently exceeded when no low/flat tire
e x i s t s .

G. MAINTAINABILITY — TIRES AND TPI SYSTEMS

1. T i r e  M a i n t e n a n c e

The fact that maintaining proper tire pressure will reduce
the number of premature tire removals is well established.
Aircraft tires require frequent maintenance attention . A
p e r f e c t l y  a c c e p t a b l e  a i r c r a f t  t i r e  ca n los e as much as 5% o f
i t s  i n f l a t i o n  p r e s s u r e  d a i l y.  C o n s e q u e n t l y ,  if no t  g iven
daily attention , the chances of any tire becoming critically
underinflated are greatly increased. To maintain optimum
t i r e  p r e s s u r e , and m i n i m i z e  p r e m a t u r e  r e m o v a l s  i t  w o u l d  be
des irable to check tire pressures prior to each flight.

The conve ntional check call ing f o r  rem oval of th e valve ca p ,
app ly ing and read inb a gaug e, then referring to temperature
c o n v e r s i o n  t a b l e s , t h e n  r e p l a c i n g  the  cap is a tedious job at
b e s t .  I t  is c o s t l y  in t e r m s  of f l i g h t  l i ne  c rew t i m e .  More
c o s t l y  b e c a u s e  it  can ’t a lways  be done  on schedule because of
w e a t h e r , r o u t e  s t r u c t u r e, e t c . ,  t h i s  b e i n g  the  case , t h e
l i ke l ihood  of t he  t i r e s  b e i n g  checked  on s c h e d u l e  d i m i n i s h e s .
Also , t i r e  p r e s s u r e s  c a n n o t  be p r o p e r l y  m e a s u re d  if t he  t i r e
is h o t ,  such as i m m e d i a t e l y  a f t e r  l a n di n g/ b r ak i n g  when  t i r e
p r e s s u r e s  a r e  h i g h e r .  I t  is a practice of some airlines to
r eco rd  the  t i r e  p r e s s u r e s  of h o t  t i r e s  and c o m p a r e  r e l a t i v e
r e a d i n g s .  If t he  r e a d i n g s  f a l l  w i t h in  5 psi  of each o t h e r ,
and  a r e  above the  n o r m a l  p u b l is h e d  i n f l a t i o n  p r e s s u r e  f o r  t h e
tire , the inflation is considered to be acceptable.

To a c c o m p l i s h  t he  t i r e  checks , ( P h y s i c a l l y  c h e c k i n g  each t i r e
w i t h  a p r e s s u r e  g a u g e )  r e q u i r e s  approximately an average of
five to seven minutes per tire . According to airline data
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s o u r c e s , t h i s  t i m e  p e r i o d  a c t u a l l y  d e f i n e s  t h e  t o t a l  time
i n t e r v a l  of t h e  t i r e  c h e c k i n g  p r o c e d u r e .  Th i s  i n c l u d e s  t h e
r e t r i e v a l  of t he  t i r e  p r e s s u r e  g a u g e , M a i n t e n a n c e  M a n u a l
r e f e r en ce , re moval of the va lve  ~cap, reading the gauge ,
r e f e r r i n g  to t e m p e r a t u r e  c o n v e r s i o n  t ab l e s , and r e p l a c i n g  t h e
cap.  In a d d i t i o n , d a t a  r e c o r d i n g  and  w a l k i n g  t i m e s  a r e
i n c l u d e d .  W i t h  an a p p r o x i m a t e  cos t  of $11.00 per flight line
l abor  h o u r  if t i r e s  a re  checked  each f l i g h t  this results in a
cost of $29.00 per day for a DC—10 series 10 based on 3.15
f l i gh t s  per  day f l e e t  a v e r a g e .

According to airline data , maintenance checks on tires
a v e r a g e  a b o u t  once  a d a y .  For  a d e s i g n  l i f e  of 50 , 000
landings (flights), we can find the total potential
maintenance savings as given in Table 1, f o r  typ ical w id e
body  m u l t i — w h e e l e d  t r a n s p o r t s  and one t y p i c a l  s h o r t  h a u l
n a r r o w  b o d y  t r a n s p o r t .

From the data in Table 1 which estimates the cost of checking
tire pressures once per day for the design life of the
a i r c r a f t , m a i n t e n a n c e  cos t  s a v i n g s  f o r  whee l  m o u n t e d  g a u g e s
and TPI a n a l o g  s y s t e m s  can be estimated. On the assumption
that both wheel gauges and cockpit systems will prove
sufficiently reliable that airlines will feel confident
enough in them to eliminate daily hand held gauge checks a
large portion of the tire maintenance check costs can be
saved. It should take no more than 5 minutes to read and
record tire pressures on a cockpit gauge for a 10 wheel
aircraft or 90% savings. Nearly 80% savings could be
ach ieved  w i t h  wheel mounted gauges. Thus , on a six wheel

TABLE 1

TIRE PRESSURE MAINTENANCE COSTS

DC—b DC—b DC-b
TYPE OF AIRCRAFT DC-9 SERIES 10 SERIES 30 SERIES 40 B747

HOURS PER FLIGHT 0.83 2.67 3.83 3.83 4.50

HOURS PER DAY UTILIZATION 7.02 8.42 10.93 9.68 9.50

TOTAL NO. OF FLIGHTS PER DAY 8.46 3.15 2.85 2.53 2.11

DAILY MAINTENANCE COST (BASED ON AN AV ERAGE $5.50 $9.16 $11.00 $11.00 $16.50
CHECK OF ONCE A DAY) 

________ __________ ___________ ___________ _________

TOTAL MAINTENANCE COST BASED ON 50,000 FLIGHTS $32,506 $145 ,397 $192,982 $217, 391 $390,995

FOR EXAMPLE , FOR AN 18-WHEEL 8747 AIRCRAFT:

$11 5 MINUTES HOUR
DAILY MAINTENANCE COST • LABOR HOURS x 18 TIRES X TIRE X 60 MINUTES • $16.50

TOTAL MAINTENANCE COST BASED ON 50,000 FLIGHTS

• 50,000 FLIGHTS x 2.11 ~ —
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a i r c r a f t  w i th  h i g h  u t i l i z a t i o n, ou t  of t he  t i r e  check  cost  of
$32 , 500 a gauge  cou ld  save as m u c h  as $26 ,000 pe r  a i r p l a n e
and $29 , 000 f o r  the  c o c k p i t  s y s t e m .  On a 10 whee l  a i r c r a f t
the gauge saving maybe approximately $105,000 and cockpit
s y s t e m  sav ings  may be as h i g h  as $120 , 000.

A n o t h e r  f e a t u r e  of t h e  c o c k p i t  s y s t e m  is t h a t  t h e  F l i g h t
E n g i n e e r  cou ld  q u i c k l y  e v a l u a t e  al l  p r e s s u r e s  d u r i n g  t a x i — i n
af ter landing and inform the ground crew if a low tire is
d i s c o v e r e d .  Th i s  may further help in minimizing delays on
q u i c k  t u r n a r o u n d s  if a t i r e  r e q u i r e s  s e r v i c i n g  and c e r t a i n l y
makes checking tires on through—st ops feasible.

2. TPI Sys tem Maintenance Costs - 
—

A total of 15 candidate systems were reviewed to determine
t h e  c h a r a c t e r i s t i c s  w hi c h  m o s t  s i g n i f i c a n t l y  impac t  l a b o r  and
material costs to maintain the system in service. Limited
inf o rma tion p rec l uded an i n — d e p t h  c o m p a r i s o n  of each s y s t e m
concep t. However , it was established that the candidate
systems use three basic concepts to indicate tire inflation.
The first utilizes wheel mounted fill valve/gauges. This is
a p r e s s u r e  m e a s u r i n g  d e v i c e  which  p r o v i d e s  a means  of qu i ck
p r e s s u r e  checks on walkaround . Installation of such a device
does reduce maintenance costs. However , inability to display
and check t i r e  p r e s s u r e  when t h e  a i r c r a ft  is moving is a —

disadvantage.

The second employs a wheel- mounted transducer to measure
actual tire pressure. This concept performs by means of an
i n du c t i v e  c o u p l i n g  dev ice  which transfers the electrical
signal (inflation) from the wheel to the axle, This approach
provides the capability of displaying the actual tire
pressure. Installation of a direct reading tire pressure
system , with reasonable system accuracy, would reduce the
time required to check the pressure of all tires to three to
f i v e  m i n u t e s , r e s u l t i n g  in a s u b s t a n t i a l  s a v i n g s  in o p e r a t i n g
cos t s  (see e s t i m a t e s  of cos t  a bo v e) .

The t h i r d  t y p e  of s y s t e m  m e a s u r es  ax le  d e f l e c t i o n  (or  whee l
s p e e d)  and can on ly  d e t e c t  a t i r e  u n d e r  i nf l a t e d  by a
significant amount. Inability to directly read tire pressure
is again a disadvantage . Installation of such a system would
not  y i e ld  the  same s a v i n g s  s ince  the  a m o u n t  of u n d e r —
inflation required to produce a low tire indication precludes
e l i m i n a t i o n  of a m a n u a l  p r e ss u r e  check .

The f o l l o w i n g  t a b l e s  2A , B , C , and D p r e s e n t  t he  e s t i m a t e d
d i r e c t  m a i n t e n a n c e  m a n h o u r  and  m a t er i a l  c ost s  f o r  s y s t e m s
repres enting the major types of system . Each system type is
r e p r e s e n t e d  by a s e l e c t e d  c o n c e p t .  T h e r e f o r e , t he  r e m a i n i n g
c o n c e p t s  w i l l  be c a t e g o r iz e d  a c c o r d i n g  to  the  f o u r  s y s t e m
g r o u p s .  M a i n t e n a n c e  cos t s  of t h e  sy s t e m s  no t  s p e c i f i ca l l y
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a n a l y z e d  s h o u l d  be s i m i l a r  to  t he  m a i n t e n a n c e  cos t s  t y p i c a l
of i t s  g r o u p .  Whee l  m o u n t e d  g a u g e s  w e r e  no t  a n a l y z e d  as t h e y

) a r e  g e n e r a l l y  not  r e p a i r a b l e  and a re  r e l a t i v e l y  i n e x p e n s i v e .

Based on t he  a c t u a l  cos t  e s t i m a t e s  f o r  a 10—wheel  s y s t e m , t h e
cos t s  f o r  t he  6 —whee l  s y s t e m , 12—whee l  s y s t e m  and 18—wheel
s y s t e m  can be c a l c u l a t e d  and compared. Estimated costs were
d e t e r m i n e d  by c h o o s i n g  equ i p m e n t  j u d g e d  s i m i l a r  to  t he  new
e q u i p m e n t .  I t e m s  chosen  as s i m i l a r  were limited to those
prese ntly installed on DC—9 and D C — b  a i r c r a f t , t h u s
p r o v i d i n g  a c t u a l  m a i n t e n a n c e  cos t  d a t a .

Tab l e  3 p r e s e n t s  t h e  t o t a l  m a i n t e n a n c e  cos t  f o r  each m a j o r
s y s t e m  t y p e .  The cos t  can be f o u n d  p r o v i d i n g  X , Y , and Z a re
g i v e n .  X d e n o t e s  t he  total number of hours per flight. Y
gives  t h e  t o t a l  d o l l a r  per f l i g h t  h o u r .  Z r e p r e s e n t s  a
d e s i g n  l i f e  of 50 , 000 f l i g h t s .  D e t e r m i n a t i o n  of m a i n t e n a n c e
cos t  depends  on the  co m p l e x i t y  of t he  TPI s y s t e m ,  the  t y p e  of
aircraft (number of wheels), and the total number of flights
(average flight length). A typical maintenance cost-
c a l c u l a t i o n  f o r  a T1’I s y s t e m  is as f o l l o w s :

T ype  of TPI  s y s t e m  C o n c e p t  L ( i nd i r e c t  weig h t  and
b a l a n c e)

Type of aircraft system L—1011 (10—wheel system)

Ty p i c a l  d e s i g n  l i f e  l a n d i n g s  ( f l i gh t s )  — 50 ,000

Hours per flight for L— 1011 2.34

C o m p o n e n t s  of C o n c e p t  L $ / h r  f o r
10—wheel sy s t e m

1. E l e c t r o n i c  u n i t  .036

2. Indicator unit .004

3. Transducer .072

4. Nose gear center switch .010

T o t a l  cost  f o r  m a i n t a i n i n g  Concep t  L — $.122/hour.

( N o t e  t h a t  i t e m  3 w i l l  change  in v a lu e  in d i f f e r e n t  whee l
configurations since one transducer per wheel is re-
q u i r e d) .

Total maintenance cost of Concept L for L—b 011

— 2 . 3 4  h o u r s / f l igh t  x 50 , 000 f l i gh t s  x $ . 1 2 2 /h o u r

— $14 ,274.
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A d i f f e r e n t  m a i n t e n a n c e  cos t  is s i m i l a r l y  o b ta i n e d  f o r  each
a i r c r a f t  and c o n c e p t .  S ince  each t y p e  of a i r c r a f t  has a
d i f f e r e n t  h o u r s  per  f l i g h t  s c h e d u l e , and each c o n c e p t
c o n s i s ts  of d i f f e r e n t  c o m p o n e n t s , t h u s  d i f f e r e n t  m a i n t e n a n c e
cos t s  a re  d e r i v e d  f o r  each s y s t e m .  W i t h  t h e  c a l c u l a t i o n  of
the  t o t a l  m a i n t e n a n c e  cos t , each  c o n c e p t  can be compared  f o r
d i f f e r e n t  wheel  c o n f i g u r a t i o n s  which  is shown in Table  3.

The h ig her  cost of m a i n t e n a n c e  of d i r e c t  a n a l o g  r e a d i n g
s y s t e m s  w i l l  be o f f s e t  by t he  p o t e n t i a l  r e d u c t i o n  in t i r e
m a i n t e n a n c e  cos ts  d i s c u s s e d  ea r l i e r  in t h i s  s e c t i o n .  None  of
t h e s e  cos t s  can be r e c o v e r e d  by th e  w e i g h t  and b a l a n c e , whee l
speed and d i s c r e t e  p r e s su r e  s e n s i n g  a p p r o a c h e s , s ince  d a i l y
h a n d  t i r e  p r e s s u r e  checks  w i l l  s t i l l  be r e q u i r e d .

H. INSTALLATION

The r e l a t i v e  d i f f i c u l t y  of i n s t a l l a t i on  is a m a j o r  a rea  of
d i f f e r e n c e  b e t w e e n  s p e c i f i c  c o n c ep t s  and concep t  g r o u p s .  In
g e n e r a l , the  mos t  d i f f i c u l t  to i n s t a l l  a re  the  ana log
p r e s s u r e  sys t ems ; the  n e x t  mos t  d i f f i c u l t  the  d i s c r e t e
p r e s s u r e  s ens ing  s y s t e m s ;  t he  w e i g h t  and b a l a n c e  s y s t e m  b lown
t i r e  i n d i c a t i n g  s y s t e m s  b e i n g  r e l a t i v e l y  more  easy d e s p i t e
the  r e q u i r e m e n t  to r e w i r e  b og i e  beam t r a n s d u c e r s  when
r e t r o f i t t i n g  e x i s t i n g  wide  body a i r c r a f t ;  and t h e  eas i e s t  to
i n s t a l l  be ing  the  p r o p o s e d  wheel  speed s y s t e m  which  b y p a s s e s
the  need to  i n s t a l l  new sensors  or r e w i r e  e x i s t i n g  ones .

The h e a r t  of t h e  ana log  p r e s s u r e  i n d i c a t i n g  s y s t e m s
i n s t a l l a t i o n  p r o b l e m  invo lves  the  t r a n s f e r r a l  of i n f o r m a t i on
f r o m  the  r o t a t i n g  wheel  to  t h e  axle  wh ich  is r e q u i r e d ,
w h e t h e r  t he  a i r c r a f t  is mov ing  or s t a t i c .  The wheel  hub  is
so f a r  the  mos t  p r o m i s i n g  a pp r o a c h .

Wheel  Hub

A l t h o u g h  d e t a i l e d  whee l  hub d r a w i n g s  were  no t  ava i lab l e  f o r
Boeing  or Lockheed  a i r c r a f t , hub  i n s t a l l a t i o n s  on al l  B o e i n g ,
Lockheed  and D o u g l a s  a i r c r af t  cove red  by t h i s  s t u d y  ap p e a r
f e a s i b l e .  F i g u r e  15 shows a p o t e n t i a l  i n s t a l l a t i o n  on a B—
747  w h i c h  is t y p i c a l  of t h e  i n s t a l l a t i o n  of t h i s  s y s t e m
c o n c e p t  on a D C — 1 0 .  The L — b 0 l 1  i n s t a l l a t io n  is more
d i f f i c u l t  because  of t he  ty p e  of a n t i s k i d  t r a n s d u c e r  used  b u t
a t  least  one m a n u f a c t u r e r  showed a p o t e n t i a l l y  s a t i s f a c t o r y
i n s t a l l a t i o n  m o u n t i n g  the  t r a n s f o r m e r / c o u p l e r  on the  f a c e  of
the  e x i s t i n g  a n t i sk i d  t r a n s d u c e r .  The TPI
t r a n s f o r m e r / c o u p l e r  can be i n s t a l l e d  in a D C — 9  ax le  by
recessing the antiskid transducer about 2” further in the
axle and lengthening the transducer coupler. The extra space
thus created between the antiskid transducer and hub cap can
house the TPI transformer/c oupler or slip-~ring. In each
case , new hub caps wou ld  g e n e r a l l y  be r e qu i r e d .
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In e v a l u a t i n g  t h e  f e a s i b i l i t y  of i n s t a l l i n g  such s y s t e m s  on
the  B — 7 0 7 / 7 2 7 / 7 3 7  Boe ing  e n g i n e e r s  saw no i n s u r m o u n t a b l e
d i f f i c u l t i e s, b u t  a n u m b e r  of p a r t s  wou ld  h a v e  to be m o d i f ie d
or r e p l a c e d , such  as :

“1. New hub caps would be required; existing hub
caps do no t  have  space  a v a i l a b l e  f o r  t h e  transformers.

2. A n t i s k i d  t r a n s d u c e r  d r i v e s  w o u l d  be new in
o r d e r  to  m a t c h  t h e  hub  cap g e o m e t r y .

3. A n t i s k i d  t r a n s d u c e r  m o u n t s  vould  be c h a n g e d  to
gain additional axial clearance.

4. New or r e m a c h i n e d  o u t b o a r d  wheel  ha lv es wo uld
be r e q u i r e d  .o  p r o v i d e  m o u n t i n g  p r o v i s i o n s  f o r  the  s enso r s
and associated electronics.

5. Axle rework would be required to provide
a d d i t i o n a l  or l a r g e r  w i n d o w s  f o r  r o u t i n g  the  e x t r a  w i r e s .

- 
- In a d d i t i on t o  t h e abo v e , t h e  early B— 707’s would have to be

retrofitted with the Mark II antiskid system , and early B—
737’s would have to be changed from the Goodyear to the Mark
III system. ”

After reviewing the above with several TPI vendors the fourth
(4 )  r e q u i r e m e n t  may n o t  be n e c e s s a r y .  E x i s t i n g  whee l  p o r t s
can be used with combined functions and electronics can be
packaged at the transducer or in the hub .

I n b o a r d  W h e e l  A r e a

The primary objection to hub mounted transformer/coupler
s c h e m e s  ha s b e en that mechanics would be required to
d i s c o n n e c t  and r e c o n n e c t  an e l e c t r i c a l  c o n n e c t o r  a n y t i m e  a
hub cap was removed. The hub cap may then be placed on the
g r o u n d  w h e r e  w a t e r  could get into the h u b  and open c o n n e c t o r .
Als o, another connector would be required in the  hub  cap if a
slip ring is used which makes a slip ring more objectionable.

To o v e r c o m e  t h e s e  o b j e c t i o n s  t he  i n b o a r d  whee l  a rea  was
evaluated for the coupling device mounting. The primary coil
mig h t  be m o u n t e d  a r o u n d  t h e  ax le  a t t a c h e d  to  i t .  The w i r e s
to the primary coil would go to  t h e  bog i e  beam or s t r u t  by
going underneath the brake assembly. The secondary coil
would be mounted on the inboard wheel half and mated with the
p r i m a r y  coi l  by a x i a l  or r a d i a l  c l e a r a n c e .  The m o u n t i n g  a r e a
can be seen  in F i g u r e  16. Thus , e v e r y  t i m e  t he  whee l  is
removed the wheel  moun ted TPI com ponen ts n eed no t be
d i s t u r b e d .  The d i s a d v a n t a g e  of t h i s  i n b o a r d  ax le  a r ea  is t h e
h i g he r  t e m p e r a t u r e  and h ig h b r a k e  d u s t  c o n t a m i n a t i o n  due to
t h e  c lose  p r o x i m i t y  to t he  b r a k e .  T h e r e  is a lso  i n a d e q u a te
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s p a c e  a v a i l a b l e  on s ev e r a l  of t h e  s tu d y  a i r c r a f t  in t h i s
l o c a t i o n .

The a l t e r n a t e  i n b o a r d  l o c a t i o n  is shown in F i g u r e  17. M o s t
of t h e  d i s c r e t e  p r e s s u r e  m e a s u r i n g  s y s t e m  c o n c e p t s  p r o p o s e d
a n i n s t a l l a t i o n  such  as t h i s .  O t h e r  t h a n  t h e  e x p o s u r e  to
t i r e  d e b r i s  d a m a g e  t h i s  is a r e l a t i v e l y  easy  i n s t a l l a t i o n
t h a t  does  n o t  r e q u i r e  d i s c o n n e c t i n g  equ i p m e n t  when  t h e  h u b
cap or  t i r e  is r e m o v e d .

The a p p r o a c h  shown  in F i g u r e  17 is f o r  a s y s t e m  t h a t  p r o v i d e s
r e a d o u t  o n l y  w h e n  t h e  a i r c r a f t  is in m o t i o n  v ia  p e r i o d i c
a l i g n m e n t  of t h e  p r i m a r y  and s e c o n d a r y  c o i l s .  T h i s
i n s t a l l a t i o n  c o u l d  be made  to  r ead  p r e s s u r e  c o n t i n u o u s l y
(w i t h  ai r c r a f t  s t a t i c  o r in m o t i o n ) if t h e seco n da r y c o i l  i s
in the  f o r m  of a c o n t i n u o u s  r i n g  m o u n t e d  on t h e  i n b o a r d  w h e e l
f l a n g e , a n a l o g  p r e s s u r e  or d i s c r e t e  p r e s s u r e  ( s w i t c h )  c o u l d
be read  a t  any  t i m e .

O ne s i g n i f i c a n t  a d v a n t a g e  in h a v i n g  t h e  a b i l i t y  to  r ead  t i r e
p r e s s u r e  w i t h  t h e  a i r c r a f t  s t a t i c  ( i t  is , of cou rse , r e q u i r ed
if a n a l o g  r e a d o u t  is d e s i r e d  by m a i n t e n a n c e  p e r s o n n e l )  is in
t r o u b l e s h o o t i n g  t h e  T P I  s y s t e m .  W i t h  a s y s t e m  t h a t  h a s
p r i m a r y  and  s e c o n d a r y  co i l  a l i g n m e n t  o n c e  e v e r y  t i r e
r e v o l u t i o n  i t  may be r e q u i r e d  to  j a c k  t he  gear  and sp in t h e
whee l  to d e t e r m i n e  if t h e  s yst e m  is o p e r a t i n g  w i t h  t h e
a i r c r a f t  p a r k e d .  Th i s  co u l d  be c u m b e r s o m e  and  t i m e
c o n s u m i n g .  W i t h  a c o n t i n u o u s  r e a d o u t  w i t h  t h e  a i r c r a f t
p a r k e d  m a i n t e n a n c e  s h o u l d  be f a c i l i t a t e d .

I n s t a l l a t i o n  C o s t

M a n — h o u r  e s t i m a t e s  to  i n s t a l l  two  d i f f e r e n t  t y p e  p r e s s u r e
i n d i c a t i n g  s y s t e m s  on D C — 8 , —9 , —10 , B—747 , 737 , 7 2 7 , 707 ,
and L—1O11 aircraft have been made.

I t  m u s t  be n o t e d  t h a t  t he  m a n — h o u r  e s t i m a t e s  a r e  p r e d i c a t e d
on t h e  t h e o r y  of r e a~i o v e — an d — r e p l a c e  or c l a m p — o n  p a r t s .  U s i n g
t h i s as a g u ide , b a s i c  m o d i f i c a t i o n  e s t i m a t e s  w e r e  p o s s i b l e .
The  a d d i t i o n  of one  c o n d u i t  l i n e  to  t r a n s p o r t  t h e  w i r i n g  f r o m
b a s e  of t h e  s tr u t  to  t h e  w i n g  on the main gears and nose gear
was  u s e d  f o r  t h e  p u r p o s e  of t h i s  e s t i m a t i o n .

I n s t a l l a t i o n  and  m o d i f i c a t i o n  to  t h e  wing  and  f u s e l a g e  is
b a s i c a l l y  t h e  same f o r  s i m i l a r  s i z e  a i r c r a f t  of d i f f e r e n t
m a n u f a c t u r e .  I n d i v i d u a l  d i f f e r e n c e s  of each  t y p e  of a i r c r a f t
ha ve n o t  b e e n  c o n s i d e r e d  in t h i s  e s t i m a t e .  I t  was a s s u m e d
t h a t  a v i o n i c  r ack  space  was a v a i l a b l e  and  no m a j o r  r e w o r k
r e q u i r e d  in  e i t h e r  t h e  o v e r h e a d  p a n e l  or F l i g h t  E n g i n e e r ’s
c o n s o l e .

For  t h e  p u r p o s e  of t h i s  f e a s i b i l i t y  s t u d y  t h e  n u m b e r  of
wheels to be modified per aircraft ~as determined at this
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time to be the major difference (excluding size) in
— m o d i f i c a t i o n  time between the various aircraft.

It was estimated that 18 man—hours or 9 elapsed hours will be
r e q u i r e d  to  r e m o v e/ m o d i f y (whee l  and truck assembly) and
install each wheel. This time is also the most variable , as - -

a firm method of modification has not been determined at this
t i m e .  I n s t a l l a t i o n  c o s t s  a r e  s u m m a r i z e d  in Tab le  4.

T h r e e  f a c t o r s  m u s t  be c o n s i d e r e d  in t he  m a n — h o u r  e s t i m a t i o n
q u o t e s .

1. The  a i r c ra f t  has  been  p l aced  in a m a i n t e n a n c e
condition. (No downtime cost.)

2. U n i q u e  access  t i m e s  a re  not  r e f l e c t e d  in t h e s e
estimates.

3. Times  a r e  e s t i m a t e d  on a “ t h i r d — s h i p ” k n o w l e d g e
of the  j o b  and a re  a c t u a l  working times. Other users should
adjust these time estimates for their individual labor time
rates for breaks , meals , set—up, shift changes , manpower
l o a d i n g ,  and p r o d u c t i v i t y  p r a c t i c e s .  To o b t a i n  a p p r o x i m a t e
d o l l a r  cos t , $47  per  l a b o r  h o u r  was used  w h i c h  ca-rr ies  f u l l
o v e r h e a d  c o s t s .

T o in s t a l l a m o d i f i ed w e i g h t  an d balance system having a
b l o w n  t i r e  d e t e c t i o n  f e a t u r e  on a B — 7 4 7 , f o r  e x a m p l e ,
r e q u i r e s  r e w i r i n g  of b o t h  power  and s i gna l  leads to each main
gear transducer. This requires the addition of wires across
t h e  a i r c r a f t  b e t w e e n  w i n g  and b o d y  g e a r .  One a i r l i n e
p l a n n i n g  to  make t he  c h a n g e  f o r  a trial installation on a B—
747 freighter estimated the rewiring and other installation
w o u l d  t ake  a p p r o x i m a t e l y  180 h o u r s .  The cos t  f o r  B — 7 4 7
w e i g h t  and b a l a n c e  Blown  T i r e  Indicator installation would be
a p p r o x i m a t e l y  $ 4 7 / h r  x 180 h o u r s  — $8 , 460.  A s i m i l a r
r e w i r i n g  is r e q u i r e d  f o r  t h e  L — 1 0 1 1  we ig h t  and b a l a n c e  s y s t em
m o d i f i c a t i o n  wh ich  has  been e s t i m a t e d  at  a p p r o x i m a t e l y  95
h o u r s  or $4 ,465.
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I. TPI  SYSTEMS HARDWARE COST

A p p r o x i m a t e  c o s t s  f o r  whee l  m o u n t e d  g a u g e s  and dev ices  and
c o c k p i t  i n d i c a t i n g  s y s t e m s  have  b e e n  obtained and are shown
in Table  5. The p r i c e s  a r e  g r o u p e d  by m a j o r  s y s t e m  category.
The p r i ces  a r e  in mos t  cases  b u d g e t a r y  and a re gen er al ly  on
t h e  h i g h  s ide  of t he  p r i c e s  o b t a i n e d  f o r  each s y s t e m  and
a s s u m e  q u a n t i t y  o r d e r s .

Cost of spares has not been estimated or calculated. Based
on sys tem costs each airline may apply their factors to
estimate spare costs. it should be noted , h owev er , that the
specific device or system design has some impact on spares
costs-k For example , if f ill v a l v e / g a u g es are  pur chased with
color  cod ed d ial f a c es , an airline may have to stock two and
in some cases three (DC—10—30/40) part number gauges per
aircraft type whereas without color coding one gauge may be
purchased for an entire fleet. This is also true for
pressure switch systems such as Concept C , H , I, J, a nd K
which require a p r e s s u r e  s w i t c h  f o r  each d i f f e r e n t  pressure
w a r n i n g  l eve l .  In these cases the spares cost should be
relatively higher than for a pressure transducer that may be
installed at any wheel location.

J. TPI D E V I C E  AND SYSTE M W E I G H T  SUMMARY

The t i r e  p r e s s u r e  i n d i c a t i n g  s y s t e m  dev ice  and s y s t e m  w e i g h t s
a re  g iven  in Tab le  6. The hardware weig ht s are relatively
accurate based on well known weights. The wiring weights are
r o u g h  e s t i m a t e s .  In g e n e r a l  t h e  s y s t e m s  in each m a j o r
category are approximately equal in weight; little variation
is shown. One variation in w i r i n g  w e i g h t  s h o u l d  be noted
with Concept H and J which require 4 wires per wheel instead
of 2 as in all other systems. The actual wiring weight would
be higher for these two concepts than is shown for the
overall category.

_ _ _ _ _ _ _ _ _  
_ _ _ _  
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TABLE 5. TPJ HARDWARE COST

rice
Per Per Per

Concept 6-wheel ac-ft 10-wheel ac-f t 18-wheel acft

Concepts A and B $750 $1,250 $2,250
Fil l  Valve/Gage
(Approx $125 ea)

Concept C
Switch — $lOO ea/wheel $600 (6 wheels) $1,000 $1,800
Interrogator — $500 ea $1,000 (2 units ) $1 ,000 $1 ,000

Cqpcepts D, E, F, G $17 19,000 $22 ~ 25,000 $30 ~~ - 34 ,000
Analog Pressure

Concepts H, I, J , K $10 + 13,000 $15 + 18,000 $22 ~~- 26,000
Discrete Pressure

Concepts L and M N/A $6,000* $8 9,Q~Add on only
to existing weight
and balance system 

_______________

Concept N $6,000 $8,000 $10,000
Wheel Speed 

__________________ _________________ _________________

NOTE: Cost estimates are budgetary and in most cases have been arbitrarily’
inflated to allow for possibl e price increases through 1979.

*Estimate only.
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IV.  C O S T — E F F E C T I V E N E S S  STUDY AND R E S U L T S

In a t t e m p t i n g  to  d e t e r m i n e  t he  c o s t — e f f e c t i v e n e s s  of wheel
m o u n t e d  f i l l  v a l v e / g a u g e s, c o n c e p t s  A , B , and C , i t  was v e r y
d i f f i c u l t  to  d e t e r m i n e  w h a t  damage  c o s t s  m i g h t  be avo ided  by
t h e i r  use .  T h e r e  a re  some in the  a i r c r a f t/ a i r l i n e  i n d u s t r y
t h a t  be l i eve  t h a t  whee l  m o u n t e d  g a u g e s  w i l l  h e l p  avoid  a
si g n i f i c a n t  p e r c e n t a g e  of d a m a g e  c o s t s  by encouraging closer
monitoring of tire pressures. Also , as mentioned in the
Maintainability Section the fill valve/gauges can provide a
sign if ican t reduc ti on in t i r e  m a i n t e n a n c e  cos t  by r e d u c i n g
the time for tire p r e s s u r e  checks  once t he  r e l i a b i l i ty  of t h e
devices is demonstrated. Due to  t h e  r e l a t i v e l y  low cos t  of
the gauges , almos t any  r e d u c t i o n  in m a i n t e n a n c e  or damage
cost resulting from their use will make the gauges very cost—
effective. It is , th e r e f o r e , a general conclusion of this
study that fill valve/gauges are cost—effective for all the
study aircraft if for no other reason than the possible
reduction in tire pressure check times.

Most of this study effort is concentrated on cockpit systems
cos t—effectiveness (i.e.) effectiveness in avoiding tire
f a ilures  af ter leav ing th e “gate ”. The study was unable to
quan tify what percentage of the damage cost resulting f r o m
t i re  p rob lems  ( un d e r in f l a tion )  occ ur red  af ter the a ir c r a f t
lef t the gate. Had this been possible a relative cost
e f f e c tive ness compar ison b etween wheel  mo un ted f ill
valve/gauges and cockpit systems could have been made . There
were , however , some wel l  doc um en ted ins tances  wher e ti re
pressures were checked at the ramp and found to be o.k. and
the aircraft experienced a severe tire failure on takeoff.
Th eref ore , the cost—effectiveness of cockpit systems has been
cons idered  witho ut r ega rd  to how much of th ose cos ts could
have been eliminated by wheel mounted fill/valve gauges.

TPI Hardware Costs

The total cost of a TPI system installation on a given
aircraft is the sum of the hardware cost , installation cost
and maintenance cost. Each group of system concepts has been
evalua ted with the results given in Table 7. The relative
complexity of the analog systems and more difficult
installation make a substantial cost difference between them
and , f o r  exampl e, the concept N wheel speed approach. All
costs are  based on a 50 ,000 land ing aircraft design life.

Da mage C osts Avo ided

A d irec t compar iso n is made be tween the cos t of each sys tem
type and th e damage  cos t wh ich can be avo ided by the
installation of a TPI system. The damage cost calculations
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and da ta are thoroughly explained in Appendix A. The
important conclusion arrived at in Appendix A , in addition to
the damage cos t es tima tes f o r  each a ir c r a f t type , is that a
good cockp it TPI sys tem shou ld  be abl e to reduc e dam age costs
by 65.7%. (As mentioned above, the study was not able to
de term ine wha t perc en tage of th is f igure  the f ill va lve/ ga uge
mig h t contribute.) The data in Table 8 shows the cost of
each system type compared to the damage cost avoided. The
damage cost avoided was obtained by multiplying the damage
cost per  depar tu re f o r  each  air c r a f t x 50,000 la nd ing design
l i f e  x ( . 6 5 7 ) .

The conservative damage cost numbers in Appendix A are
b e l i e v e d  justified since tire improvements and i m p r o v e d
maintenance practices should keep these costs down in the
s u t u r e  c o m p a r e d  w i t h  t he  d a t a  d e r i v e d  f r o m  t h e  1 97 3 — 1 9 7 6  t ime
period. Even with the more conservative damage cost figures
some aircraft such as the DC—10 and B—747 appear to clearly
benef it from a TPI system while aircraft such as the B—727
would not from a strictl y damage cost avoidance approach.

TABLE 8
ESTIMATED AIRCRAFT DAMAGE COSTS AVOIDED BY COC KPIT TPI SYSTEM S

COST OF COST OF COST OF COST OF - DAMAGE
ANALOG INDIRECT WEIGHT WHEEL DISCRETE COST
PRESSURE AND BALANCE SPEED PRESSURE AVOIDED

AIRCRAFT ($) ($) ($) ($) ($)

DC-8 60,808 N/A 15,636 45,413 37,778

DC—9 33,327 N/A 9,493 26,393 11 ,826

DC—1O—1O 61,932 U/A 16,108 46,722 128,115

DC—1O—30/40 79,495 N/A 18,999 56,984 128,115

8707 61,203 N/A 15,736 45,655 8,870

D727 36,707 Il/A 10,713 29 087 3,942

B737 34,214 N/A 9,813 27,100 14,454

B747 113,867 57 ,870 22,295 74,480 167,864

L-1O11 
— 

59,325 
— 

24 ,739 15,448 45,130 23,652*

*flo L-1O11 DATA WERE AVAILABLE SO THE FLEET AVERAGE OF $0.72 DAMAGE
COST PER DEPARTURE WAS USED.
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Maintenance Cost Savings

Three of the proposed system concept groups , i.e., the
indirect weig ht and balance system , the wheel speed system
and the discrete pressure systems will not produce any
maintenance cost savings. The analog systems that can read
a c t u a l  t i r e  p r e s s u r e  do o f f e r  cos t  s a v i n g s  by r e d u c i n g  t i r e
check times (see Maintainability section). The maintenance
cost calculations are based on a 50,000 landing design life
and with the assumption that tire pressures are checked once
a day. Thus , the average nunber of flights per day for each
aircraft fleet is used to determine the number of times tires
a re ch e c k e d  wh ich then  gives potential maintenance cost that
could be saved. By this method a DC—9 that averages 8
f l i g h t s  p e r  day  w i l l  have  a si g n i f i c a n t l y  lower  cos t  s a v i n g
t h a n  a D C — b  s e r i e s  3 0 / 4 0  w i t h  a l i t t l e  o v e r  two f l i g h t s  pe r
d a y .

R e a l i s t i c a l l y  a l l  h a n d  t i r e  checks  w i l l  n o t  be e l i m i n a t e d  on
a TPI e q u i p p e d  a i r p l a n e .  T h e r e f o r e  a column was added in

- - T a b l e  9 t h a t  g iv es an arbitrary 50% reduction in maintenance
c o s t s .  T h e s e  maintenance costs can be factored by a
potential TPI user based on planned system usage.

TABLE 9. POTENTIAL MAINTENANCE COST SAVING
FOR ANALOG TPI SYSTEMS

50 PERCENT OF
COST OF ANALOG MAINTENANCE MAINTENANCE

AIRCRAFT PRESSURE CONCEPT (5)  SAVING COST (5)  SAVING COST (5)

DC-8 60,808 186,180 93,090

DC-9 33 ,327 32, 500 16 ,250

DC-10-1O 61,932 145,400 72, 700

DC-10-30/40 79,495 193,000 96,500

B707 61,203 163,570 81,785

B727 36,707 49,640 24,820

B737 34,214 42 ,050 21 ,025

B747 113,867 391,000 195,500

L-1O11 59,325 106,020 53,010

- 
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— Other Costa

As n o t e d  in the  h a r d w a r e  cos t  s e c t i o n , TPI s y s t e m  spares
cos t s  have  not been included. These can be traded off
against delay and cancellation costs which were also not
specifically included due to insufficient information. From
t h e  one a i r l i ne  t h a t  d id  r e p o r t  t h e se  cos t s , however , de lay
and c a n c e l l a t i o n  c o s t s  ap p e a r  to  be as s i g n i fi c a n t  if not  - -

more so than damage costs. B o t h  spa res  c o s ts  and de lay  and
c a n c e l l a tion cos ts tha t migh t  be avo ided sh ou ld no t be
over looked  by an airl ine when  cons id er ing the pu rchase  of TPI - -
systems . 

-
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V. RESULTS OF ANALYSIS OF COCKPIT INDICATING SYSTEMS

C o n c e p t  D — Tire Condition Sensor (Analog Pressure — Cockpit)

It should be noted that this is a sampling s y s t e m  that takes
2.5 to 3.0 seconds to sample ten wheels so the maximum
i n d i c a t i o n  d e l a y  cou ld  be 3 seconds after exceeding a
threshold pressure criterion on takeoff roll. Design
a v a i l a b i l i t y  s t a t u s  is as f ol lows:

1. S y s t e m  t e s t i n g  l i m i t e d  to l a b o r a t o r y .  H a r d w a r e  is
d e s i g n e d  and b u i l t  for D C — b  and B — 7 4 7  whee l  and h u b
assembly. Accuracy should be proven in actual aircraft test.
Accuracy depends on pressure transducer selected and
stability of rotating electronics with temperature and
component aging.

2. Microprocessor based system with analog data
processing should provide maximum rejection of false
warnings. Detailed failure mode and effects analysis must be
completed to ensure that specific component failure in
rotating (wheel) electronics do not cause undetectable false
w a r n i n g s .  ( T h i s  c on m e n t  a p p l i e s  f o r  n e a r l y  e v e r y  s y s t e m
analyzed.)

Concept E — T i r e  P r e s s u r e  I n d i c a t i o n  ( An a l o g  P r e s s u r e  —

Coc k p i t )

Thi s sy s t e m  w as c l a i m e d  b y t h e  manufacturer to offer the
h i g h es t  sy s t em a c c u r ac y a t  low es t cost of all the analog
approaches. Hig h accuracy might be achieved by immediate
analog to dig ital word conversion in the rotating (wheel)
electronics proposed for this system. Accuracy would have to
be proven by test. The system is at the conceptual stage of
development.

Concept F — LVDT System (Analog Pressure — Cockp it)

Of the analog pressure systems analyzed , the LVDT or load
cell actuated bellows approach may have the highest error due
to transducer tolerance and bellows hysteresis. Overall
readout accuracy should be acceptable , however , because
s y s t e m  is s i m p l e r  by eliminating need for electronic circuits
in the hub cap; (required by Concepts D and E) system
d r a w b a ck , appears however to be the requirement to bring tire
air into the hub area across the hub cap wheel interface.

Concept C — Tire Pressure Indication Via Slip R ing s (A na log
Pressure — Cockp it)

This system proposes a slip ring for bridging the wheel to
axle gap. A complete evaluation of the suitability of slip
rings for this application is considered beyond the scope of
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t h i s  r e p o r t.  However , the manufacturer has claimed actual
small a i r c r a f t and h ighway  veh icle exper ienc e w it h good
results.

No information was provided to determine if a four contact
slip ring is required for a strain gauge transducer , or two
contacts for a variable resistance potentiometer transducer.

— Two electrical connectors mig ht be required to bridge the hub
cap for a slip ring since the slip rings should not be
separated when the hub cap is removed as primary and
secondary co ils in a transformer/coupler installation.

Although not claimed by the manufacturer a direct transducer
connection without intervening data conversions and with
digital noise filtering potentially may offer the higher
system accuracy.

Concept H — Tire Deflation Warning (Discrete Pressure —
Cockpit)

This particular design represents one of the most promising
of the discrete pressure sensing systems that were evaluated.
The specific pressure switch design is quite simple and
rugged and the electronic circuits have been designed with
attention to avoidance of false warnings. This attention to
e l i m i n a t i n g  false warnings goes quite far toward removing the
main objections raised about discrete sen8ing systems in this
study .

Hardware has be en fully developed and laboratory tested. The
basic pressure switch design has been in production for
h i g h w a y  v e h i c l e  s y s t e m s .

Sensitive features of t h i s  s y s t e m  are that it requires 4
wires per wheel (instead of 2 for most other systems), it
cannot provide an indication statically and in flight ,
underinflation must exceed 30 + psi before detection , and it
is difficult to determine if the system is working properly
(a b l e  to c o rr e c t l y  w a r n  of an underinflated tire).
(Preliminary results from a similar system concept in test on
a DC—1O have substantiated the concerns).

Concept I — Differential Valve (Discrete Pressure — Cockpit)

This system is potentially one of the simpler approaches with
a differential valve at the tire fill valve with a sight
indicator showing when the tire is low and the valve has
tripped. The tendency of the system to be susceptible to
f a l s e war nin gs has bee n r e cogn ized by add in g a p r e s s u r e
transducer that will be connected to the computer via slip
rings when the differential valve has tripped due to low tire
press ure.
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The s y s t e m  is a t  t h e  c o n c e p t u a l  s t a g e  of d e v e l o p m e n t .  A
s o m e w h a t  s i m i l a r  d i f f e r e n t i a l  v a l v e  d r i v i n g  a s i g h t  or “ p o p —
up ” i n d i c a t o r  is in p r o d u c t i o n  f o r  a u t o m o b i l e s  and  h i g h w a y
v e h i c l e s .

The d r a w b a c k s  to  t h e  a p p r o a c h  a r e  t h o s e  t y p i c a l  of m o s t
d i s c r e t e  sys t e m s in t h a t i t  is di f f i c u l t to  d e t e r mi n e i f t h e
s y s t e m  is r e l i a b l y  and  c o r r e c t l y  r e s p o n d i n g  to  a low t i r e
i n d i c a t i o n  and  t h e  t i r e  m u s t  be s u b s t a n t i a l l y  u n d e r i n f l a t e d
b e f o r e  a w a r n i n g  is g i v e n .  A l t h o u g h  t h i s  s y s t e m  i n d i c a t e s
w h e n  t h e  ai r c r a f t  is s t a t i c  or m o v i n g  i t  may n o t  p r o v i d e  a
r e l i a b l e  i n d i c a t i o n  when  t h e  t i r e  f a i l s  e x p l o s i v e l y .  T i r e
ai r is r eq u i r ed to  en e r gi z e t h e  be l l ow s t o  e n g a g e  t h e s l i p
r i n g s .  S u f f i c i e n t  a i r  may n o t  be a v a i l a b l e  c o n s i d e r i n g  v a l v e
res po n se t i m e an d t i m e t o  r ead t r a n s d u c e r s i g n a l  be f o r e t h e
t i re  f a i l s  e x p l o s i v e l y .  Al so  t h e  s y s t e m  is s o m e w h a t
co m p l i c a t e d  b y t h e a d d i t i on of the pressure transducer which
seems  to  be v a l u a b l e  f o r  p r e v e n t i o n  of f a l s e  w a r n i n g s  b u t  t h e
t r a n s d u c e r  i n f o r m a t i o n  is on ly  a v a i l a b l e  when  t h e  t i r e  is
u n d e r i n f l a t e d .

Co n c e p t  J — D i s c r e t e  T P I  Sy s t e m (Di r ec t  P r e s s u r e — C o c k p i t )

T h i s  s y s t em h a s  bee n d e v e l o p e d  f o r h i g h way v e h i c l e s .  The
app r o a c h  is we l l  t h o u g h t  o u t  b u t  i t  has  n o t  b e e n  s e r i o u s l y
p r o p o s e d  f o r  a i r c r a f t .

C o n c e p t  K — D i s c r e t e  T PI  S y s t e m Vi a H u b Mo un t ed S w i t c h e s
( C o c k p i t )

T h i s  sy s t e m  is in o p e r a t i o n  on m a n y  h i g h w a y  v e h i c l e s  and  is
q u i t e  s i m p l e .  I t  has  n o t  bee n p r o p o s e d  f o r  a i r c r a f t .

Co n c e p t s  L , M , a n d  0 — Wei g h t  and  B a l a n c e  S y s t e m  A pp r o a c h

T he t e c h n i c a l  a p p r o a c h  of u s i n g  d i f f e r e n t i a l  b o g i e  s t r a i n  to
in d i c a t e  a s u b s t a n t i a l l y  u n d e r i n f l a t e d  t i r e  is a c c e p t a b l e .
Th i s  s y s t e m  c o u p l e d  w i t h  t i r e  f i l l / v a l v e  g a u g e s  on each t i r e
ma y be an o p t i m i z e d  s o l u t i o n  t o  m i n i m i z i n g  t h e  p r o b l e m  of
t i re  f a i l u r e s  and a s s o c i a t e d  c o s t s  of a i r c r a f t  d a m a g e .
However , adaptation and implementation of such systems should
consider the following aspects of the concept.

1. Sensitivity claims made (Concept 0) of 5%
underinflation static and 20% dynamic should be
substantiated. Service evaluation by a major airline the
practical limits to be 30% static and 50% dynamic to avoid
false warnings.

2. Very close attention must be paid to the
elimination of all false warnings in specific circuits (see
Reliability Analysis in Appendix B). These systems have a
h i g h e r  p r o b a b i l i t y  of f a l s e  w a r n i n g s  t h a n  several of the
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a n a l o g  p r e s s u r e  c o n c e p t s  (D , E , F ) .  I t  a p p e a r s  t h a t  C o n c e p t
M h a s  n o t  s e r i o u s l y  c o n s i d e r e d  t h e  r e q u i r e m e n t .

3. The p r e s e n t  m o s t  s i g n i f i c a n t  o b j e c ti o n  to  a d d i n g
b l o wn t i r e  i n d i c a t i o n  to  e x i s t i n g  wei g h t  a n d  b a l a n c e  s y s t e m s
is t h e  p o o r  r e l i a b i l i t y  of p r e s e n t  s y s t e m s .  W i t h  c a l i b r a t i o n
d r i f t , t r a n s d u c e r  m o i s t u r e  c o n t a m i n a t i o n  some a i r l i n e s  h a v e
b e c o m e  d i s c o u r a g e d  w i t h  t h e  s y st e m s  and  a r e  d e a c t i v a t i n g
t h e m .  New e f f o r t s  on t h e  p a r t  of e x i s t i n g  m a n u f a c t u r e r s  and
new m a n u f a c t u r e r s  a r e  o f f e r in g  p r o m i s i n g  s o l u t i o n s  to  t h e s e
p r o b l e m s  w h i L h  m a k e  t h i s  a p p r o a c h  s t i l l  w o r t h y  

- 
of

c o n s i d e r a t i o n .

Co nc e p t  N — W h e e l S p e e d  A p p r o a c h

Th i s  c o n c e p t  of f e r s  t h e  m o s t  c o s t — e f f e c t i v e  m e a n s  of - -

d e t e c t i n g  u n d e r i n f l a t e d  t i r e s  w h i l e  t h e  a i r c r a f t  is r o l l i n g .
The  s p e c i f i c  c i r c u i t  d e s i g n  p r o p o s e d  a p p ea r s  e x c e l l e n t  and
a l t h o u g h  m o n i t o r i n g  to  a v o i d  f a ls e  w a r n i n g s  h a s  n o t  been
i n c l u d e d  in t h e  i n i t i a l  d e s i g n  i t  a p p e a r s  to  be e a s i l y  a d d e d .

The  k e y t o  t h e  wo rk a b i l i t y  o f t h is  c o n c e p t  i s w h e t h er r o l l i n g
radius c h a n g e s  due  to  t i r e  u n d e r i n f l a t i o n  s u b s t a n t i a l l y
exceed normal changes between tires due to tread wear ,
carcass growth and different manu facturers ’ tire size and
tire spring rate variations . To avoid the effects on tire
rolling radius due to runway crown , adjacent tires or tires
on the same strut should be compared. This makes this
approach mostly useful on 4 wheel trucks where tires
diagonally located can be compared. The problem with
comparing adjacent tires (on same axle) is that the
underinflation In one tire tends to increase the load on the
mated tire and therefore its deflection which tends to
minimize the difference in rolling radius between the two. A
worst case study of tire rolling radius variables is in
progress using NASA Report TR—64 as a technical basis with
specific tire information from tire manufacturers. The
rasults of this study will be included in part It of this TPI
study report which covers flight test of TPI systems and the
reasons for selecting systems to be tested.

This concept has been taxi tested with nominal (same) tires
on a B— 727. A firm indication was obtained at 15 kts taxi
speed with a tire 50% underinflated . Across—aircraft tire
pairing was used. As noted above across—aircraft pairing is
.ubject to errors during aircraft turning maneuvers , due to
run w ay crown , and differential gear loading in a cross wind.
F u r t h e r  te sts are planned.
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VI. CONCLUSIONS

Tire pressure i n d i c a t i n g  s y s t e m s  a r e  t e c h n i c a l l y  f e a s i b l e  f o r
a l l  the  s t u d y  a i r c r a f t  and a r e  p o t e n t i a l l y  cos t  e f f e c t i v e , a t
present , for several of the study aircraft. Beyond strict
cost—effectiveness , cockpit pressure indicating systems are
carefully designed to avoid false warnings can reduce
aircraft damage exposure and increase ground operational
safety through early warning of tire problems that develop
after pushback from the terminal gate , taxi to take—off ,
take—off , etc.

This favorable conclusion must be tempered by several
factors. First , the data used in the cost—effectiveness
study, although conservative , came from a period (1973—1976)
in which a hig h tire incident rate was experienced. At least
two of the six airlines reporting showed a substantial
reduction in tire failure and damage cost rates since 1975.
Higher awareness of the need for and implementation of good
tire maintenance programs can reduce the need for TPI
systems. Secondly, the landing gear system and aircraft
manufacturers are constantly improving the rolling assemblies
of aircraft through stronger wheels and higher ply rated
tires creating improved tire operational margins. Finally,
there are other studies being conducted into means and cost—
effectiveness of improving tires so that they are capable of
accepting high overloads for short periods. The development
of internal or external tire safety devices for the
development of the ability of a deflated tire to support a
high percentage of rated load for a takeoff and/or landing
cycle could produce a reduction in the number of costly dual
tire failure incidents. Other developments such as greater
use of x—ray, ultrasonic and holographic inspection of tire
carcasses can further reduce the rate of in—service tire
failures. The effect of all these improvements can alter the
derived cost—justifications for tire pressure indicating
systems.

There will always be times , however , when foreign object
damage , wheel failure , or undiscovered internal tire
structural defects will cause tire failures. Tire indicator
systems , although perhaps not as cost—effective in the future
for low inflation , will always be useful in reducing exposure
to hazards caused by other types of failure. Each airline
can thus decide on the basis of experience and future
expectations which type of TPI system , if any, is suitable
for its fleet.

For reasons already cited, systems able to measure actual
tire pressure by analog means are favored by this study.
These systems provide the most accurate means of detecting
tire underinflation in any flight condition , takeoff or
landing, static or in motion; the analog system allows easy
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d e t e r m i n a t i o n  of w h e t h e r  i t  is o p e r a t i n g  p r o p e r l y  and can
p r o v i d e  t h r o u g h  “ r e a s o n a b l e n e s s” c h e c k s  t h e  mos t  e f f e c t i v e
means of eliminating false warnings; and the analog system
may be used to perform daily or more frequent tire pressure
checks thereby reducing maintena nce costs by reducing the
need f o r  c h e c k i n g  tire pressures by hand.

Other systems such as a w e i g h t  and b a l a n c e  s y s t e m  w i t h  a
b l o w n  t i r e  d e t e c t i o n  f e a t u r e  a r e  w e l l  s u i t e d  f o r  f u t u r e
a i r c r a f t  p a r t i c u l a r ly  w h e n  c o m b i n e d  w i t h  tire pressure fill
valve/gaug es mounted on each wheel. The fill valve/gauges
can provide the ease of tire pressure checks reducing
m a i n t e n a n c e  t i m e  w h i l e  t h e  w e i g h t  a n d  b a l a n c e  s y s t em  can
p r o v i d e  a w a r n i n g  of a s i g n i f i c an t  t i r e  p r o b l e m  a f t e r  l e av ing
t h e  t e r m i n a l .  In cases  w h e r e  a w e i g h t  and  b a l a n c e  s y s t e m  is
a l r e a d y  needed , t h e  a d d i t i o n a l  h a r d w a r e  f o r  a b l o w n  t i r e
s y s t e m  and  f i l l  va lve  g a u g e s  can  m a k e  a v e r y  c o s t — e f f e c t i v e
s y s t e m , p a r t i c u l a r l y  if t h e s e  f ea t u r e s  a re  b u i l t — i n  f r o m  the
s t a r t .  A g a i n  a t t e n t i o n  m u s t  be g iven  to e l i m i n a t i n g  c i r c u i t
f a i l u r e s  w h i c h  c a u s e  f a l s e  w a r n i n g s .

R e c o m m e n d a t i o n s

T h r o u g h o u t  t h e  s t u d y  i t  was  a p p a r e n t  t h a t  t he  e x a c t n e s s  or
t h o r o u g h n e s s  of t h e  s t u d y  of d i f f e r e n t  s y s t e m  c o n c e p t s  was
l i m i t e d  by a v a i l a bl e  i n f o r m a t i o n  on h a r d w a r e  t h a t  was n o t
f u l l y  d e v e l o p e d .  P a r t s  of th e  s t u d y  a re  based  on
m a n u f a c t u r e r s ’ c l a i m s  and  p r e d i c t i o n s  and  a r e  n o t  b acked  up
by a c t u a l  l a b o r a t o r y  or a i rc r a f t  t e s t  d a t a .  B e f o r e  a f i n a l
s y s t e m  d e s i g n  or s e l e c t i o n  can be made  some a i r c r a f t
development t e s t in g  is r e q u i r e d .  This  d e v e l o p m e n t  t e s t i n g  is
a l r e a d y  u n d e r w a y  at  D o u g l a s  w i t h  a p r e l i m i n a r y  d e s i g n  f r o m
one m a n u f a c t u r e r  f o r  a d is c r e t e  p r e s s u r e  s e n s i n g  s y s t e m .
T e s t s  of up to  t h r e e  a d v a n ce d  s y s t e m s  a re  p l a n n e d  f o r  a n o t h e r
D C — b  t e s t  a i r c r a f t  l a t e  in 1978.  The r e s u l t s  of t h e s e  t e s t s
w i l l  be r e p o r t e d  in p a r t  II  of t h i s  r e p o r t  in mid  1979.  Some
s y s t e m  d e s i g n  q u e s t i o n s  l e f t  un a n s w e r e d  in t h i s  r e p o r t  s h o u l d
be r e s o l v e d  by t he  a i r c r a f t  d e ve l o p m e n t  t e s t s .
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A P P E N D I X  A

T I R E  F A I L U R E  AND DAMAGE COS T DATA

Introduction

The intent of a tire pressure i n d i c a t i n g  ( T P I )  s y s t e m  is
o b v i o u s l y  to  adv i se  or w a r n  of low t i r e  p r es s u r e .  W i t h  t h i s
w a r n i n g  t he  m a i n t e n a n c e  a n d/ o r  f l i g h t  c rew can t a k e  w h a t e v e r
corrective action is necessary to prevent the possible
consequences of an underinflated tire namely, a tire failure.
W i t h  t h i s  in m i n d , it then becomes necessary to analyze the
c a u s e s  of t i r e  f a i l u r e s  and t h e  c o n s e q u e n c e s  of t h o s e  t i r e
f a i l u r e s  in t e r m s  of co s t  and i n c r e a s e d  h a z a r d  ex p o s u r e .

For  p u r p o s e s  of t h i s  s t u d y ,  a t i r e  f a i l u r e  is h e r e i n  d e f i n e d
as a thrown tread or a blowout. From a previous study
c o n c e r n i n g  t he  p e r f o r m a n c e  of j e t  t r a n s p o r t  a i r  c a r r i e r
t i r es , i t  is known t h a t  t he  p r i m a r y  c a u s e s  of t i r e  f a i l u r e
a re:

1. F o r e i g n  o b j e c t  d a m a g e  ( F O D )
2. U n d e r i n f l a t i o n
3. Abuse or misuse
4. D e f e c t s  in t h e  r e c a p  p r o c e d u r e

B y ma k i n g  a d e t a i l e d  s t u d y o f t h e  c a u ses f o r  ai r c r a f t  t i re
f a i l u r e s  f o r  t h e  y e a r s  1 9 7 3 — 1 9 7 6  d a t a  on d a m a g e  c o s t s  to
ai r c r a f t  h a v e  b e e n  c o l l e c t e d  f o r  each s t u d y  a i r c r a f t .  These
c o s t s  w e r e  t h e n  f a c t o r e d  to  i s o l a t e  t h o s e  c o s t s  w h i c h  m i g h t
be avoided by using a TPI system.

T h e r e  were  v a r i o u s  s o u r c e s  used  to  o b t a i n  t h e  n e c e s s a r y  d a t a .
The m a i n  s o u r c e s  u s e d  w e r e  t h e  ICAO W o r l d  A c c i d e n t  S u m m a r y ,
N T S B  a c c i d e n t  s u m m a r y ,  and  t h e  FAA S e r v i c e  D i f f i c u l t y  R e p o r t s
( S D R ’ s ) .  These  s o u r c e s  f o r  t h e  y e a r s  19 7 3 — 1 9 7 6  p r ov ided  a
good s u m m a r y  of t i r e  r e l a t e d  a c c i d e n t s  and m a j or  i n c i d e n t s
b u t  w e r e  p o o r  s t a t i s t i c a l  b a s e s  f o r  f a i l u r e  r a t e  and d a m a g e
cos t  d a t a .

• To o b t a i n  b e t t e r  s t a t i s t i c a l  t i r e  f a i l u r e  d a t a  a i r l i n e  t i r e
f a i l u r e  d a t a  was  a c q u i r e d .  Twelve airlines were invited via
l e t t er a n d , in some ca ses , p e r s o n a l  c o n t a c t  to s u p p l y  t i r e
data f o r  t he  s t u d y .  T h e s e  a i r l i n e s  had  been  i d e n t i f i e d  as
good p o t e n t i a l  s o u r c e s  of u n d e r i n fl a t e d  t i r e  f a i l u r e  and
d a m a g e  cos t  d a t a .  T h e y  w e r e  s e l e c t e d  on t h e  b a s i s  of f l e e t
s i z e , t y p e  of a i r p l a n e  in f l e e t  ( t o  cover a l l  aircraft in
s t u d y  B — 7 0 7 , B — 7 2 7 , B — 7 3 7 , B — 7 4 7 , D C — 8 , D C — 9 , D C — j o , L — 1 O 1 1 ) ,  -

•

t i r e  d a t a  a v a i l a b i l i t y  and k n o w n  or p o t e n t i a l  w i l l i n g n e s s  to
a s s i s t  in t h e  s t u d y .  These  a i r l i n e s  i n c l u d e  d o m e s t i c  and
European operators with fleets covering the range of study
a i r c r a f t .  The a i r l i n e  s u p p l y i n g  t h e  d a t a  is c o d e d  by #1 , #2,

- 
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etc. For reasons of anonimity, the same airline is not
always the same number in each table .

To e n c o u r a g e  a c c u r a t e  a n a ly s i s , s e v e r a l  s p e c i f i c  q u e s t i o n s
w e r e  asked to  o b t a i n  s i m i l a r  d at a  f r o m  all airlines. The
specific information requested was:

1. The total - number of tires removed due to
u n d e r i n f l a t i o n  per  t i r e  s i ze  and p ly r a t i n g  in t h e  s p e c i f i e d
t i m e  p e r i o d .  S p e c i f i c  c a t e g o ri e s  s h o u l d  be :  Low or f l a t  as
a r e s u l t  of a w h e e l  leak , d e f e c t i v e  t i r e  or f o r e i g n  o b j e c t
d a m a g e ;  t i r e  f a i l u r e s  ( b l o w o u t s )  f o r  a l l  c a u s e s ;  t i r e
f a i l u r e s  due  to  u n d e r i n f l a ti o n ;  t h r o w n  t r e a d  f o r  all  causes

- • and thrown tread due to  u n d e r i n f l a t i o n .  T i re  f a i l u r e  and
t h r o w n  t r e a d  d a t a  as a d i r e c t  r e su l t  in u n d e r i n f l a t i o n  is a
m o s t  i m p o r t a n t  s o u r c e  of i n f o r m a t i o n  f o r  t hi s  s t u d y .  If
exac t  n u m b e r s  were  n o t  a v a i l a b l e , p l e a s e  s u b m i t  y o u r  expert
op i n i o n  of t h e  n u m b e r  of each wh ich  were  s u s p e c t e d  to have
i n i t i a t e d  a p r e m a t u r e  r e m o v a l  as a r e su l t  of u n d e r i n f l a t i o n .

2 .. The  t o t a l  n u m b e r  of t i r e s  by s i z e  and p ly  r a t i n g
r e m o v e d  in t h i s  t i m e  p e r i o d  f o r  a l l  causes , i n c l u d i n g  w e a r .

3. The n u m b e r  of i n c i d e nt s  in wh ich  a t i r e  f a i l u r e
( lo s s  of i n f l a t i o n)  or t h r o w n  t r e a d  r e s u l t e d  in airframe
damage.

4. A c t u a l  r e p a i r  c o s t s  f o r  each i n c i d e n t  in which  a
t i r e  f a i l u r e  or t h r o w n  t r e a d  c a us e d  a i r f r a m e  d a m a g e .  These
d a t a  need  no t  be i d e n t i f i e d  by accident location or fuselage
n u m b e r  b u t  m u s t  be i d e n t i f i e d  as to  a i r c r a f t  t y p e , such as :
D C — 8 , i n c i d e n t  1, i n c i d e n t  2 , and so on.  Also  if a i r c r a f t
d e l a y / c a n c e l l a t i o n  c o s t s  a r e  s i g n i f i c a n t , p l ea se  i n c l u d e
t h o s e , if a v a i l a b l e , b u t  s e g r e g a t e  t h e m  fr o m  the  a c t u a l
r e p a i r  c o s t .

5. W h i c h  of t h e  n o t e d  i n c i d en t s  in i t e m  4 a r e
positively identified or highly suspected as being caused by
underinflation ?

6. When  do t he  f a i l u r e s  th a t  a re  a r e s u l t  of loss  of
tire p r e s s u r e , FOD , blowouts , sever e leaks , e t c .  occu r  —

landing, taxi in , ramp , tax i—out , takeoff roll?

7. Are  b l o w n  or l e a k i n g  f u s e p l ug s  a s i g n i f i c a n t  cause
of tire deflation?

Six e x c e l l e n t  r e s p o ns e s  w e r e  o b t a i n e d  f r o m  the  a i r l i n e s .  As
anticipated , it was difficult to identify a broad data base
f r o m  w h i c h  to  o b t a i n  wel l  s u b s t a n t ia t e d  d a m a g e  c o s t s  r e l a t e d  —

to  t i r e  u n d e r i n fl a t i o n .  One a i r l i n e  f o r  examp le , p r o v i d e d
good t i r e  f a i l u r e  r e l a t e d  damage  d a t a  bu t  was u n a b l e  to
d i f f e r e n t i a te  b e t w e e n  d a m a g e  t h a t  may have  r e s u l te d  f r o m

- 
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u n d e r i n f l a t i o n  and o t h e r  t y p e s  of tire failures. Another
a i r l i n e  b e l i e v e d  t h a t  d e l a y  and  c a n c e l l a t i o n  cos t s  shou ld  be
included in t h e  c o s t  e f f e c t i v e n e s s  s t u d y  b u t  a d m i t t e d  t h a t
such costs would be difficult to  i d e n t i f y  and i s o l a t e  to a
specific instance.

S e r v i c e  D i f f i c u l t y  R e p o r t s  ( S D R ’ s)  a t  f i r s t  seemed to  c o n t a n
much  u s e f u l  i n f o r m a t i o n .  However , a f t e r  many  h o u r s  of
c a r e f u l  a n a l y s i s  and t a b u l a t i o n , t h e  r e s u l t s  w e r e  n o t
particularly valuable for statistical summaries.
D i s c r e p a n c i e s  w e r e  f o u n d  when  t h e  t a b u l a t e d  r e s u l t s  were
c o m p a r e d  to  t h e  more comp lete airline data. Although a few
t i r e  f a i l u r e  r a t e  d a t a  p o i n t s  c o m p a r e d  r e a s o n a b l y  wel l  m o s t
of the  SDR t a b u l a t i o n s  s h o w e d  t i r e  f a i l u r e  r a t e s  f o r  a
p a r t i c u l a r  a i r c r a f t  t y p e  w e l l  b e l o w  t h e  a v e r a g e  a i r l i n e  d a t a
s u mm a r i e s .  T h e r e f o r e , t h e  t i r e  f a i l u r e  s t u d y  w i l l  m a i n l y
c e n t e r  on t h e  a i r l i n e  s u p p l i e d  d a t a .  It is believed that
since only 6 airlines s u b m i t t e d  v a l u a b l e  d a t a , it might not
provide an adequate data base from which to draw broad
conclusions. However , these data are expected to give
indicative failure rates and damage costs that enhances the
study of tire pressure indicating (TPI) systems and provides
some basis for determining their cost effectiveness. The
following summarizes the results.

Study Results

a. Probability of flat or low tire on a given takeoff:
Before the aircraft takes off , there is a significant
probability of flat or low tire due to foreign object damage ,
tires finally failing from carcass damage caused by
underinflation , defects within the tires , etc. The following
tabulation provides data for different aircraft.

In Tables A—I—A & A—I—B , the calculation was done with three
of the six airlines providing useful flat and low tire data.
Note that the numbers vary greatly due to an inadequate data
base for each aircraft type. Each number is found based on
the total number of departures and the total number of flat
or low tires reported by each airline. Due to the great
variance in numbers reported it was decided to total up all
the number of departures and flat or low tires for all types
of aircraft among the three airlines. The average comes out
to be 1291. That is , the rate in which a flat or low tire
occurs on a given departur e is one in every 1291 departures.
Note that definition of departure in this situation actually
refers to when the tire is low or flat for any takeoff—
landing cycle. The numbers do not include flats due to
antiskid malfunctions which cause skid through tire failures.
Flats or low pressure tires are normally detected at the ramp
prior to departure. This data gives some idea of how often a
TPI syste m may be called upon to provide a useful indication
warn ing of a flat or low pressure tire.
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TABLE A-I-A
SU#~ARY — NUMBER OF DEPARTURES PER FLAT OR LOW TIRE

(1973—1976) 
________ _________ ________ ________

AIRCRAFT
8707*

AIRLINES DC-9 B727 8707 8747 1.-lOll DC—iD DC-8 B747

AIRLINE NO. 1 1095 1593 389 167 732 N/A N/A N/A

AIRLINE NO. 2 N/A 2395 N/A N/A N/A 4447 N/A 3139

AIRLINE NO. 3 3112 N/A N/A 2466 N/A 41,263 15 .647 N/A

**AVERAGE FOR 2068 2006 389 376 732 7077 15,647 3139
ALL THREE AIRLINES

NOTE: 1. N/A MEANS DATA NOT AVAILABLE OR NOT SUPPLIED.
2. ALL NUMBERS ARE DEPARTURES PER FLAT OR LOW TIRE.

*ORE AIRLINE GIVES DATA ON 8707 AND B747 TOGETHER BECAUSE BOTH AIRCRAFT USE THE SAME
SIZE TIRE.

**AVEPA~E FOR THREE A I RL INES IS C~ IPUTED BY THE FOLLOW I NG METHOD :
LET A1 . TOTAL NUMBER OF DEPARTURES FOR AIRLINE NO. 1

A2 TOTAL NUMBER OF DEPARTURES FOR AIRLINE NO. 2
A3 TOTAL NUMBER OF DEPARTURES FOR AIRLINE NO. 3
Bi . TOTAL NUMBER OF FLAT OR LOW TIRES FOR AIRLINE NO. I
B2 = TOTAL NUMBER OF FLAT OR LOW TIRES FOR AIRLINE NO. 2
133 TOTAL NUMBER OF FLAT OR LOW TIRES FOR AIRLINE NO. 3

AVERAGE = 
(A 1 + A2 +
181 9- 82 + B3)

b.  R a t e  of i n c i d e n t s  of t i r e  f a i l u r e s  c a u si n g  damage :
A c c o r d i n g  to  a i r l i n e  d a t a , t i r e  f a i l u r e s  d u r i n g  t a k e o f f  can
ca use air f r a m e dama ge eve n if no a b o r t  r e s u l t s .  High  d a m a g e
cos t  is incurred if the tire failure also causes engine
damage. A flat tire , will transfer its load to its mate.

- 
- 

H o w e v e r , t h i s  e x t r a  load can i n d u c e  a b l o w o u t  of t h e  m a t e d
t i r e  due  to  ov e r l o a d .  The h i g h e s t  d a m a g e  c o s t s  h a v e  been
i n c u r r e d  d u r i n g  d u a l  t i r e  f a i l u r e  a b o r t s .  TABLE A — I t
s u m m a r i z e s  t h e  f r e q u e n c y  of t i r e  f a i l u r e  i n c i d e nt s  c a u s i n g
a i r f r a m e  d a m a g e .  O v e ra l l  a v e r a g e  was  c o m p u t e d  t a k i n g  the
t o t a l  n u m b e r  of t i r e  f a i lu r e  i n c i d e n t s  f o r  al l  a i r l i n e s  f o r
each a i r c r a f t  t y p e  and  d i v id i n g  t h a t  i n t o  t h e  t o t a l  n u m b e r  of
d a m a g e  i n c i d e n t s  per aircraft type.

Table  A — I l  g ives  a good i n d i c a t i o n  of th e  r a t e  of i n c i d e n t s
of t i r e  f a i l u re  c a u s i n g  a i r f r a m e  d a m a g e .  By t a k i n g  the
a v e r a g e  of t h e  o v e r a l l  r e s u l t  f r o m  each  a i r c r a f t ,  one  o b t a i n s
4 1 . 4 %  f o r  t h e  e n t i r e  f l e e t  f o r  all five airlines. From the
SDR s u m m a r y ,  i t  was f o u n d  to  be 8 7 . 5 % .  I t ’s ve ry  l i k e l y  t h a t
SDR d a t a  m i g h t  n o t  r e c o r d  t h e  m o r e  m i n o r  t i r e  f ai l u r e s  w h i l e
r e c o r d i n g  t h e  m a j o r  or s e ri o u s  i n c i d e n t s , t h u s  giving a higher
p e r c e n t a g e .  Th i s  is c o n s i s t e n t  w i t h  p r e v i o u s  c o m m e n t s  made
on t he  s t a t i s t i c a l  v a l u e  of t h e  SDR d a t a  base .
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c. R a t e  of i n c i d e n ts  of t i r e  f a i l u r e  due to  u n d e r i n f l a t i o n :
The r a t e  of i n c i d e n ts  of t i r e  f a i l u r e  i n c l u d i n g  t h r o w n  t r eads
and  b l o v o u ts  due  to u n d e r i n f l a t i o n  is r e p o r t e d  in Table A—
I I I .  Th i s  is p a r ti c u l a r l y  d i f f i c u l t  d a t a  to  o b t a i n  s ince  it
is o f t e n  d i f f i c u l t  to  d e t e r m i n e  t h e  cause  of f a i l u r e  a f t e r  a
t i r e  has  b l ow n  and t h e  c a r c a s s  l a r g e l y  d e s t r o y e d .  In some
cases  of t h r o w n  t r e a d s , when  t h e  t i r e  r e m a i n s  i n f l a t e d , a
t i r e  p r e s s u re  check  can revea l  an u n d e r i n f l a t e d  c o n d i t i o n .
In cases w h e r e  t h e  pressure is normal it is often possible
t h a t  t h e  c a r ca s s  was  damaged  some t i m e  e a r l i e r  by h a v i n g  been
run underinflated by evidence of inner liner wrinkling and
other symptoms of overdeflection/underinflation.

I t  is i m p o r t a n t  to n o t e  in t h i s  d a t a , t h a t  in each case w h e r e
t h e  a i r l i n e  was ab le  to  i d e n t i f y  u n d e r i n f l a t i o n  as a f a c t o r
in an incident , that incident involved aircraft damage . In
o t h e r  w o r d s , t he  u n d e r i n fl a t e d  t i r e  f a i l u r e  i n ci d e n t s
r e p o r t e d  by t h e  f o u r  a i r l i n e s  caused  a i r c r a f t  damage  in a l l
ca se s .

TABLE A—Il

PERCE NT TIRE FAILURE INCIDEN TS CAUSING AIRFRAME DAMAGE

(1973—1976)

~~~~~~~~~~~~ Ai rcraft
DC—8 DC—9 DC—b B727 B707/B747 B747 *

Airlines ~~~~~~~~~~~ 
______ ______ ______ ______ __________ ______ ______

Airl ine 1 N/A fl/A N/A N/A N/A N/A 37.7%

Airline 2 100% 90% 60% N/A 55.6% N/A N/A

Airl ine 3 28.6% N/A 40% N/A N/A N/A Il/A

AirlIne 4 fl/A fl/A 100% 33.3% N/A 27.8% N/A

Airline 5 35% 63.6% 42.9% N/A 57.1% N/A N/A

Average for 37.8% 69.8% 52.6% 33.3% 56.5% 27.8% 37.7%
All 5 Airlines

*Total rate for one airl ine without specifying the type of ai rcraft
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TABLE A—Il l

PERCENT TIRE FAILURE INCIDENTS DUE TO UNDERINFLATION

(1973—1 976)

~~~ Z~~~~~raf~~~~~ DC—B DC—9 DC—b B747 B727 B707/B747*

Airl ine 1 28.6% 50% 20% 33.3% N/A N/A

Ai rl ine 2 20% N/A 0% Il/A U/A N/A

Airl i ne 3 Il/A N/A 100% N/A 
- 

33.3% 27.8%

Airline 4 30% 33.3% 14.3% 7.14% N/A N/A

Total Average 25.6% 37.2% 21.1% 17.4% 33.3% 27.8%
for All Airl ines**

*Due to the tire size being the same, this particul ar airline grouped both
B707 and 13747 together

**Average for all aircraft types is 27.2%

As f o u n d  ~n T a b l e  A — I l , t he  p e r c e n t a g e  of t i r e  f a i l u r e
i n c i d e n t s  t h a t  caused  a i r c r a f t  d a m a g e  and c o n t r i b u t e d  to
a i r c r a f t  d a m a g e  cos t  is 4 1 . 4 %  (or  4 1 . 4  out of 100 i n c i d e n t s ) .
Per  Tab le  A — I l l , 2 7 . 2 %  of t i r e  f a i l u r e s  a r e  caused  by
u n d e r i n f l a t i o n, b u t  al l  of t h e  2 7 . 2 %  caused  a i r c r a f t  d a m a g e .
So the p e r c e n t a g e  of damage  cos t  due  to  u n d e r i n f l a t i o n  is
2 7 . 2 % / 4 1 . 4 Z  x 100 — 65.7%. So ~~ J% of t h e  damage  cost  can
be a t t r i b u t e d  to u n d e r i n f l a t i o n  r e l a t e d  t i r e  f a i l u r e s .  If we
a s s u m e  t h a t  a t i r e  p r e s s u r e  i n d i c a t i n g  s y s t e m  w i l l  p r o v i d e
e a r l y  w a r n i n g  of t h i s  u n d e r i n f l a t t o n  c o n d i t i o n , t h e n  a good
TPI s y s t e m  m i g h t  save 6 5 . 7 %  of the  a i r c r a f t  d a m a g e  cos t
i n c u r r e d  on any g iven a i r c r a f t  t y p e  by t i r e  f a i l u r e s .  This
is the figure then used in the cost—effectiveness study.
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d . A c t u a l  damage  cos t  per  d ep a r t u r e :  Seve ra l  a i r l i n e’s
d a t a  does i n c l u d e  a thorough damage cost estimate for each
a i r c r a f t .  I t  a p p e a r s  t h a t  t he  d a t a  is b i a s e d  to the  m a j o r
i n c i d e n t s .  A m i n o r  i n c i d e n t  w h i c h  i n p u t s  a s m a l l  a m ou n t  of
d a m a g e  cos t  is o f t e n  n o t  r e c o r d e d.  B e c a u s e  of t h i s  some
r e s p o n d e n t s  c o n s i d e r  t h e  damage  c o s t s  r e p o r t e d  to  be
c o n s e r v a t i v e .  The f o l l o w i n g  t a b l e  g ives  t he  d a m a g e  cos t
t a b u l a t i o n  f o r  t h e  1 9 7 3 — 1 9 7 6  t i m e  pe r i od .

The d a m a g e  c o s t s  r e p o r t e d  in Tab l e  A — I V — A  a r e  as a c c u r a t e  as
p o s s i b l e  w i t h  two  e x c e p t i o n s .  T h e r e  was one incident for the
B — 7 4 7  and one f o r  t he  D C — 1 O  in w h i c h  damage  c o s t s  w e r e  so
h i g h  t h a t  t h e  o v e r a l l  d a m a g e  c o s t s  pe r  d e p a r t u r e  wou ld  have
i n c r e a s e d  f r o m  $ 0 . 7 2  to over  $ 2 . 0 0 ;the  per d e p a r t u r e  cos t  f o r
t h e  B — 7 4 7  w o u l d  have  been  over  $13 .00;  over  $9 .00  f o r  t h e  D C —
10. W i t h  t h e  s m a l l  d a t a  base , t h e s e  i n c i d e n t s  were
o v e r w h e l m i n g  in t h e i r  i n f l u e n c e  and i t  was dec ided  to
e l i m i n a t e  t h e m  to be c o n s e r v a t i v e  in the  c o s t — e f f e c t i v e n e s s
st udy. It should be n o t e d , h o w e v e r , t h a t  the  m a j o r  i n c i d e n t s
provide the clearest indication of a need for a cockpit
i n d i c a t i n g  t i r e  pressure system since in these cases , early
w a r n i n g  of t i r e  p r o b l e m s  may have  s u b s t a n t i a l l y  r educed
aircraft damage. A more detailed tire failure related damage
cost calculation is shown in Table A—IV—B.

I t  is a lso  w o r t h y  of n o t e  t h a t  no or l i t t l e  d a t a  was o b t a i n e d
on t h e  L — 10 1 1  f o r  t h i s  s t u d y .  T h e r e  is e v i d e n ce  in the
incident summary that the L—1011 has experienced tire
failures with attendant aircraft damage but no information
was o b t a i n e d  f r o m  any of t h e  tw e l v e  a i r l i n e s  campaigned.

TABLE A-IV-A
AIRLINE AIRCRAF T DAMAGE COSTS CAUSED BY TIRE FAILURE

(1973—1976)

AIRPLANES

AIRLINES DC-8 DC—9 DC-JO 8707 B727 B737 B747

AIRLINE NO. 1 N/A N/A $14,735 $91 .560 $66,068 $141 ,605 $272,832

AIRLINE NO. 2 
— 

N/A N/A $522,269 0 $30,253 N/A $18,284

AIRLINE NO. 3 $13,830 $79,310 0 N/A N/A N/A $110

AIRLINE NO. 4 $168,130 $54,930 $39,980 N/A N/A N/A $59,360

TOTAL FOR 4 AIRLINES $181,960 $134,240 $576,984 $91,560 $96,321 $141,605 $350,586

NO. OF DEPARTURES 158,485 373.240 147,959 334,270 783,060 323,616 68,555

DAMAGE COST PER $1.15 $0.36 $3.90 $0.27 $0.12 $0.44 $5.11
DEPARTURE 

__________ ____________ ___________ __________ ___________ ___________
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e . Actua l delay and cancellation costs per departure:
Insufficient data were received on this top ic. As pointed
out earlier , such delay and cancellation costs are difficult
to  i d e n t i f y  and i s o l a t e  to  a s p e c i f i c  i n c i d e n t.  On ly  one
airline had such data available. One other airline provided
the delay time in hours which did not help in arriving at a
r e s u l t .  T h u s  t h e s e  c o s t s  w e r e  b a s e d  on t h e  o n l y  a v a i l a b l e
a i r l i n e  d a t a .  In c o v e r i n g  t h e  y e a r s  t h r o u g h 1 9 7 3 — 1 9 7 6 , t h e
a c t u a l  d e l a y  and  c a n c e l l a t i o n  co s t s  p e r  d e p a r t u r e  f o r  t h e  D C —
8 was  $ 1 . 4 8 , f o r  t h e  D C — 9  i t  was $ 0 . 0 7 , f o r  t h e  D C — b  i t  was
$6.54, and f o r  t h e  B — 7 4 7  i t  was $ 2 2 . 1 4 .  By t o t a l i n g  the  cos t
f o r  a l l  t h e  a i r c r a f t  an a v e r ag e  of $ 2 . 7 9  is obtained. This
r e f e r s  to  th e  co s t  w h i c h  r e s u l t e d  f r o m  d e l a y  and
c a n c e l l a t i o n s  b e c a u s e  of t i r e  f a i l u r e s .

f .  C o s t s  of t i r e  s c r ap p a g e :  A p r e l i m i n a r y  e v a l u a t i o n
of t h e  c o s t s  t h a t  may be a v o i de d  by r e d u c i n g  t he  s c r a p  r a t e
of c a r c a s s e s  due  to  u n d e r i nf l a t i o n  r e l a t e d  d a m a g e  a p p e a r  to
be r e l a t i v e l y  i n s i g n i f i c a n t.  A c c o r d i n g  to  d a t a  f r o m  s e v e r a l
sources , the scrap rate of tires for wrinkled inner liners
(an  i n d i c a t i o n  t h a t  t i r e  has  b e e n  r u n  u n d e r i n f l a t e d)  v a r i e s
b e t w e e n  1% and 5% of a i r c r af t  t i r e  r e j e c t i o n s .  L o o k i n g  a t
t h e  co s t  of a 737  or D C — 10  t i re  at $460 and $850 r e s p e c t i v e l y
and t h e  cos t  of a r e c a p  at $ 140  and $160 and assuming four
r e t r e a d s  and 200 l a n d i n g s  per  t r e a d  or a c a r c a s s  l i f e  of 1000
land ing s, this gives a cost per tire landing of approximately
$1.00  and $1.50 r e s p e c t i v e l y .  If a t i r e  p r e s s u r e  i n d i c a t i n g
( T P I )  s y s t e m  coulc m p r e v e n t  a l l  t he  t i r e  s c r a p p a g e  at t h e
maximum 5% rate , this would save $0 .05  per l a n d i n g  on a 737
and $0.075 p e r  l a n d i n g  f o r  a D C — 1 0 .  T h i s  cos t , c o m p a r e d  to  a
$ 0 . 7 2  p e r  l a n d i n g  a i r f r a m e  d a m a g e  c o s t , m a k e s  t i r e  s c r a p p a g e
c o s t s  an i n s i g n i f i c a n t  p o r t i o n  of t o t a l  c o s t s .  I t  is
t h e r e f o r e , n o t  i n c l u d e d  in t h e  c o s t— e f f e c t i v e n e s s  s t u d y .

S u m m a r y  of Damage and Delay Co~~~s

The f i n a l  a n a l y s i s  of t h e  d am a g e  c o s t  p r o v i d e s  i n t e r e s t i n g
r e s u l t s .  The a i r c r a f t  r e l a t e d  d a m a g e  cos t  f r o m  t i r e  f a i l u r e s
varies between $0.12 per d e p a r t u r e  to  ove r  $ 5 . 0 0  w i t h  an
a v e r a g e  of $ 0 . 7 2  pe r  d e p a r t u r e .  The  l o w e r  d o l l a r  f i g u r e s
p r i m a r i l y  come f r o m  n a r r o w  b o d y  a i r c r a f t  w i t h  t h e  wide  b o d y
a i r c r a f t  p r o d u c i n g  t h e  h i g h e r  cos t  per  d e p a r t u r e .
Statisticall y the narrow body aircraft have as many or more
t i r e  f a i l u r e s , b u t  t h e  cos t  p er  i n c i d e n t  is o f t e n
s u b s t a n t i a l l y  h i g h e r  f o r  t h e  w i d e  b o d y  a i r c r a f t .

The airframe damage c o s t  pe r  in c i d e n t  r a n g e d  f r o m  $3 , 000 to
$50 ,000 as reported by a i r l i n e s.  One r e s p o n d e n t  n o t  i n c l u d e d
in t h e  above s t u d y  r e p o r t e d  a v e r a g e  d a m a g e  c o s t s  p e r  t i re
f a i l u r e  i n c i d e n t  of $40 , 000.  The  cost  p e r  i n c i d e n t  can v a r y
widely, h o w e v e r , since a sigrificant number of relatively low
cos t  i n c i d e n t s , p l u s  one or  two  i n c i d e n ts  t h a t  cos t  f r o m
$200 ,000 to $3 , 000 , 000 can  o c c u r.  For  e x a m p l e , one a i r l i n e
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reported 61 tire related damage work o r d e r s  c o s t i n g  $185 , 351
or an average of slightly over $3,000 per incident for one
year , but then cited one B—747 incident in that year which
exceeded the cost of the total of 61 other incidents. In
another case an airline reported a DC—lO incidnnt costing
over $2.6 million , primarily due to engine damage occurring
during the abort , as the only incident on their wide body
fleet in that year. This one incident caused the damage cost
per landing to be over $100 for that airline ’s fleet for that
year.

It is also clear , as should be expected , that delay and
cancellation costs vary as a function of aircraft size , age
and other fixed costs. The data base for these costs is
inadequate to include this parameter in the cost—
effectiveness study directly, but it should not be ignored as
insignificant. Delay and cancellation costs would appear to
exceed damage costs in certain tire failure incidents.

g. Accident and Incident Summary

To obtain a clearer picture of the number and type of
accidents and incidents that an early warning of low
inflation pressure may have helped to avoid , a thoroug h study
of accidents and incidents was conducted using the ICAO World
Accident Summary, NTSB Accident Report , and other sources.
Some of the accidents and incidents which may have been
avoided with an early warning cock pit TPI system are
described below:

Incident — May 1978

L— 1011 during takeoff from Charles De Gaulle Airport , had
number 8 tire (4R) blow—out at 70 kts. Takeoff aborted at
110 kts. Gross weight approximately 390 ,000 lbs. Three
other tires on right gear blew before or during abort.
Extensive aircraft damage resulted including ingestion of
wheel and tire debris into #3 engine. Uncertain whether
failure was caused by wheel flange failure or tire failure.
Similar incident at Bahrain several days later involved front
two wheels on left gear. TPI system would have provided
solid indication at 70 kts possibly earlier so that abort may
have been initiated earlier reducing damage .

Incident — 12 April 1978

DC—l0— 30 during takeoff from Reef runway at Honolulu
International Airport at 552 ,700 lbs. At least one tire
reportedly blew at 160 kts. Takeoff aborted at 176 kts lAS ,
9 kts over Vi. Tires 3 , 4 , 5, 6, 7, 8 flat at stop in
overrun area. Investigation revealed tire #4 apparently

- j started to go flat prior to turning on runway. #3 tire
failed due to overload at 160 kts. Other tires failed during
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abor t due to wheel debris from #3 and #4 wheels. Damage cost
es tima ted to be $253 , 000 plus some parts. This incident
could have been avoided by a cockpit TPI system which would
have allowed the crew to stop before taking the runway.

Acc ident — 1 March 1978

DC—1O—i 0 at Los Angeles International Airport aborted takeoff
a t max gr oss we igh t of 430 ,000 lbs a t Vi d ue to ti re
fa ilures. Crew report bang at 154 kts. Aborted takeoff on
wet runway and overran runway by 670 feet. Left hand gear
with only one tire intact broke through soft macadam and
failed. Resulting fire destroyed aircraft. Investigation
revealed tires #1 and #2 failed initially with evidence of
overhea ted sidewall above beid. There is disagreement as to
which tire failed first. TPI system nay have provided
warn ing early in the takeoff roll.

In c i d e n t — 7 June  1976

DC—10— 30 Kinshasa during the takeoff run , abou t 1,200 in f r o m
the r u n w a y  th r e s h o l d , one of the ma in r igh t land ing gear
tires burst. Shortly thereafter, the second ti re of tha t
twin wheel disintegrated and the aircraft kept rolling on the
rims of the front wheels. Fragments of the rims were thrown
forward and sucked into the right engine resulting in an
engine fire. When the pilot—in—c ommand saw the engine fire
warn ing l igh t he activated the fire extinguisher , bu t to no
avail. He decided to abort the takeoff and managed to stop
the a i r c r a f t 1,000 in before the runway end. Evacuation took

• p lace  in an o r d e r l y  ma nner  by me ans of the eme r g e n c y  chu tes
and the a irpo r t f ir e f ig h ting serv ices e f f ic ien t ly br ough t
the fire under control. The engine was destroyed and the
airframe was seriously damaged . Estimated damage at $2.6

t million. Some suspicion that #3 tire failure may have been

• caused by taxi light and #4 tire failed due to overpressure
p lug failure. A TPI sy8tem may have provided sufficient
early warning to have avoided the major engine damage.

Acc ident — 25 August 1975

DC—1 0—1 0 at J~~1C a t 401 ,000 lbs. On takeoff crew heard pop at
80 k ts , additional “po ps ” heard at 145 kts. Takeoff aborted
a t 154 k ts , 6 kts over Vi . Aircraft overran runway by 50
yards. All tires failed on left gear two on right gear flat.
Ex tensive aircraft damage. Rough estimate of damage cost was
p laced  a t $500 ,000. TPI system may have provided warning
before 80 kts but should at least have caused abort at 80
kts.
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Inc ident — 2 August 1974

DC—8 at LAX. During takeoff the pilot—in—command felt a
vibration through the aircraft and aborted the takeoff.
Subsequently he was advised by the tower that there was fire
in the area of the left main landing gear. The aircraft was
brough t to a stop on taxivay 28J ad jacen t to secur it y pos t
No. 2, and the fire department. The fire department
responded and extinguished the fire expeditiously. The total
takeoff run distance was 1,450 in (9/10 mi). Debris , tire

• rubber and wheel rim were found for a total distance of 1,120
in (7/10 ml). Evidence on taxiway J revealed that No. 6 tire
on the left landing gear was flat prior to initiation of the

• takeoff roll. Evidence on the runway indicated that No. 5
tire failed during takeoff run approximately 145 in (475 ft)
from the displaced threshold. Damage estimated at $i63 ,000
less cost of gear. TPI system could have prevented this
incident.

Incident — October 1974

B—747 during takeoff at Tokyo experienced tire failures which
caused abort at or near rotation. Extensive aircraft damage
resulted. #11 and #12 tires failed causing the abort.
Investigation revealed that an excessively tight taxi turn
may have caused failure of wheel. Load leveling system also
in question. A TPI system could have detected wheel failure
as early as taxi turn.

Accident — 6 December 1975

B—747 at Bombay, India. Uhile aligning for takeoff during
180” turn at the beginning of Runway 27, No. 11 tire blew
out/ failed. No. 12 tire also blew out/failed during takeoff

• run. Follovlng blowing out of tires on starboard body gear ,
truck tilted and the wheels and brake assemblies starteu
rubbing the runway surface , generating excessive heat which ,
coupled with hot brakes on 9 and 10 wheels due to over-
loading and braking action , originated a fire in the
starboard body gear wheels. Due to initial delay in shutting
down the engines which hampered the effective fire fighting,
coupled with certain amount of lack of coordination and
proper deployment of the fire fighting men and equipment , the
fire originally confined to starboard body gear grew into a
conflagration and ultimately destroyed the aircraft. A TPI
system would have detected the failure at the taxi turn.

Incident — 22 June 1973

DC— 9 at Spokane , Washington. At 2156 hours the aircraft
began  ta k e o f f  f r o m r unway 21 a t Spokane , Wash ington. Takeoff
appeared nor mal until the aircraft had accelerated to 131 kt
abou t midfield. At this time a loud noise was heard from the

A-13
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right , accompanied by severe vibra tion of the aircraft and
fluc tuation of the No. 2 engine EPR ’s. The pilot—in—command
immediately called for rejected takeoff , appl ied f ull brakes
and emergency power reverse thrust, and ex tended the wing
slats. Vibration of the aircraft increased as it slowed down
but directional control was not a problem and the aircraft
was brough t to a atop 60 in (200 ft) before the end of the
runway. Tower controllers , observing fire on the righ t main
land ing gear tires during takeoff , d ispa tched f ire f ighting
equipment which arrived a few minutes after the airplane
halted.

Tire marks and debris on the runway showed that the No. 4
tire blew out at 1 ,460 in (4 ,800 f t ) ,  followed closely by
bl owout of the No. 3 tire. Other marks shoved blowout of the
No. 1 and 2 tires at 2,070 in (6 ,800 f t ) f o l l o w ing sol id skid
marks 240 in (800 It) in length. When the wheels were
disassembled the bearings were found well lubricated and
capable of normal opera tion. There was no evidence of brake
failure. Althoug h the No. 2 engine had ingested a
substantial amount of tire rubber , it was checked and fo un d
capable of normal opera tion.

Inc iden t — 4 J a n u a r y  1974

B— 727 at Tampa , Flor ida. Tire on right gear disintegrated
dur ing takeoff roll. #3 engine ingested pieces of rubber.
Takeoff was aborted. During abort a fire started in brakes
and wheel assembly spreading to wheel well before being
ex tinguished (NTSB 4495).

In another tabulation of tire/wheel failure
incidents/accidents involving overruns and/or major aircraft
damage ,  in 6 out of 9 cases the initial failure was not
immediately recognized by the crew. It is these hig h da mage
costs , highly hazardous tire failure incidents which give
much of the impetus to cockpit tire pressure indicating

• systems.

A—14
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R E L I A B I L I T Y  AND S A F E T Y  STU D IES

I.  1~~T R O D U C T I O N

R e l i a b i l i t y  and safety analyses have been performed to
couipare eleven different design concepts for the cockpit
Tire Pressure Indicating (TPI) Systems. So application
on different aircraft can be compared , results are given

• in Table B— I for each concept on aircraft with 6, 10 , and
18 wheels. Equations to calculate the five pertinent TPI

• system reliabilty and safety parameters shown in Table B—
I are provided together with an explanation of each term
f ol lo ~i in g  t h e  e q u a t i o n .  S t a n d a r d  r e l i a b i l i t y  s ym b o l o g y
and nomenclature are used . The exponential probability
density function model (constant failure rate with time)
is used throughout , that is the reliability, R , of a
system operating properly for a given period of time , t ,
is R — e~~~

t, when A is the failure rate for the failure
mode of interest in failures per unit of operating time
and t is the exposure to failure time expressed in the
same time units. Conventional binominal probability
mathematics are used to calculate joint and conditional
probabilities of the specific events of interest. The
symbol Q is used to designate the probability of failure ,
thus Q — 1 — R .

In additiion , an important relationship between Iean—
Time—Between—Failures (~1TBF), and ‘lean—Tim e—Between—
Unscheduled Removals (MTBUR) appears in the analysis.

• This relationship is ~IT BF — ( ‘ IT B U R )  ( K )  ( Z ) ,  w h e r e  K is
the ratio of component operating time to flight time and
2 is the ratio of component line removals to subsequently
verified failures. K and Z result from the fact that
certain equipment is often operated or energized when the
aircraft is not , i.e. at the ramp or in maintenance , and
often equi pment is removed in error due to poor
troubleshooting and subsequently tests good on the bench.
~. typical value for the product of the factors K and Z is

• 1.5. Th is has been used in the analyses resulting in the
expression ‘ITBF — 1.5 ‘1T’~UR.

• A. Reliabilit y Study

o evaluate the reliability of the estimates of the
TPI sy stem , est imates of the following parameters
w e r e  c al c u la ted f o r  each sys t em concep t :

1. The  ‘ l e a n — T i m e — B e t w e e n — F a i l u r e s .

B—i
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TABLE B—I

SUI+IARY OF RELIABILITY MD SAFETY DATA AND CALCULATIONS

_____ 

Probability Per Departure for Each TPI System Concept
Reliability

_______ 
Safety

System Not
System Operating

Operating Dispatch Properly With False
__________ 

Properly Delay Low/Flat Ti re Warning
10-Wheel MTBF R “ 1lO~~’ ~ ‘io~’ t~Aircraft (Hr) TPI MD ‘ ‘ ‘~HAZ ~ ‘ “FW ‘
~~flC~Pt

) 3%* 0%* 3%*

D 810 0.82 0.99 4.7 4.3 0.2 0.5

E 750 0.66 0.98 5.0 8.2 0.5 2.2

F 615 0.60 0.98 
— 

5.0 9.6 0.5 2.7

G 518 0.07 0.91 7.8 22.4 2.2 11.2

H 3279 0.57 0.90 1.6 10.4 2.4 3.8

1 1724 0.46 0.92 2.9 13.0 1.9 1.9

J 1785 0.39 0.90 2.5 14.7 2.4 7.0

K 620 0.90 0.90 5.4 21.9 2.4 20.1

1 760 0.26 0.93 6.0 17.8 1.7 5.5

N 662 0.21 0.93 6.7 19.0 1.7 6.3

N 610 0.25 0.95 7.2 18.1 1.2 6.8

• *Pe~~ent of 
Nnever detected° failures, top = 100,000 hours (Paragraph hA) .
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TABLE B— I

SUMMARY OF RELIABILITY AND SAFETY DATA AND CALCULATIONS PER DEPARTURE
(Continued)

• Probability Per Departure for Each TPI System Concept
Reliability Safety 

_______—

System Not
System Operati ng

Operati ng Dispatch Properly wi th False

_______ 

Properly Delay Low/Flat Tire Warning
• 6-Wheel MTBF R ~ 

-

~~~

-

~~~~~ ~ ~~~~~~~~~~~ ~~Aircraft (Hr) TPI ‘~D ‘ ‘ ‘~HAZ ‘ ‘ “FW ‘

nCept 3%* O%* 3%*

D 1161 0.87 0.99 3.5 0.6 0.05 0.4

E 1085 0.74 0.98 3.7 1.3 0.1 1.5

F 907 0.70 0.98 4.2 1.5 0.1 1.8

G 855
__• 

0.20 0.91 5.6 3.9 0.4 6.8

H 4082 0.62 0.90 1.1 1.8 0.5 3.1

I 2674 0.59 0.92 2.3 2.0 0.4 1.3

J 2841 0.53 0.90 1.9 2.3 0.5 4.4

K 1031 0.21 0.90 3.6 3.8 0.5 12.1

L 1205 0.41 0.93 4.7 2.9 0.03 3.5

• M 971 0.33 0.93 5.3 3.2 0.3 4.3

N 1000 0.43 0.95 
- 

5.3 2.8 0.2 4.2

*percent of Nnever detected” failures, top = 100,000 hours (Paragraph hA).
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TABLE B-I

SUMMARY OF RELIABILITY AtID SAFETY DATA AND CALCULATIONS PER DEPARTURE
(Continued)

Probability Per Departure for Each TPI System Concept

Reliability Safety
System Not

System Operating
Operating Dispatch Properly With False

• 
_________ ______ 

Properly Delay Low/Flat Tire Warning

• RTPI Q0 (i0~~) 
~HAz (io~~) 

~FW (lo p)

• COnCep 3%* O%* 3%* O%*

D 509 0.74 0.98 7.2 20.9 0.8 0.8

• E 466 0.51 0.98 7.6 39.3 1.6 3.6

F 372 0.44 0.98 9.3 45.0 1.6 4.5

G 290 0.01 0.91 12.2 79.5 7.2 20.1

H 2353 0.48 0.90 1.1 41.8 8.0 5.3

1 978 0.27 0.92 4.2 58.6 6.4 3.4

• ,.J 1025 0.21 0.90 3.6 63.4 8.0 12.2

• K 346 0.01 0.90 9.0 79.5 8.0 36.1

1 441 0.10 0.93 9.0 72.3 5.6 9.5

• M 405 0.08 0.93 9.6 73.9 5.6 10.3

N 242 0.09 0.95 11.1 73.1 4.0 12.2

*percent of “never detected” failures, top = 100,000 hours (Paragraph IIA).
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2. The probability of the TPI system operating
pro perly during taxi—out and takeoff roll.

3. The probability of a dispatch delay for each
system.

The ITBF’s f o r  each sys tem ~ere estimated using the
failure rate data for each of the components in the
system reliability diagrams shown in Figure B— I .
These data are based on the failure rate sources
stated in Table S— It and referenced in Table B—Ill.
Because of the possible range of variability
affecting the accuracy of the failure rates , they
are given to only one significant figure.
Engineerin c~ juidgemen t has been used to determine
representative values , shown in Tablie B—tV , of the
percent monitoring within each TPI system and the
probabilities of false warnings caused by non—
hardware failure conditions because TPI monitor
limits are exceeded or because transients and
interm ittents occur when no low/flat tire exists.

To d e t e r m i n e  t he  p r o b a b i l i t y  t h a t  t h e  TPI  s y s t e m
w ill w o r k  wh e n  needed , t h e  l e n g t h  of t i m e  since the
h a r d ~iare was last “known to be good” , i.e. was
checked to determine that no undetected failure
exists , must be known . This is the “exposure to
failure ” t ime . Accordingly, the reliability of
various portions of the TPI systems will differ
depending upon the monitorin g and the test/check
intervals which determine that the hardware has not
failed. For example , continuous monitoring and
annunciation to the flight cre~i will result in the
reliability of that portion of the system being a
function of the length of operating time under
consideration , i.e. from power— on through takeoff
roll , per flight , etc. In this study, these
fa ilures are referred to as detected failures.
Failures that are not detected when they occur but
rather when a specific test or check is made are
referr ed to as undetected failures. The undetected
f a il u r e s  inc l ude the h a r d w a r e  f a ilur es tha t are
d i s c o v e r e d  e i t h e r  d u r i n g  a B u i l t — t n — T e s t  E q u ip m e n t
(SITE) test which is conducted when equipment
suspected of a malfunction is removed from an
aircraft , or during an Acceptance Test Procedure
(ATP) which is conducted after failed equipment is
repaired. The corresponding average exposure to
fa ilure times for these undetected failures are the
‘ITBUR and ‘IT S? , respectively. One additional
cate 3ory of undetected failures exists , that is ,
failures that are not detected by any tests or
ch ecks. Such failures are referred to as “never ”

B-5
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CONCEPT D — ANALOG PRESSURE

PRESSURE WHEEL ELEC & MICR OPROCESSING
TRANSDUCER CPLG TRANSFORMER UNIT ________

(x= 90x 10”6) (x=2xlcf ’6) (x= 300x10 ’6)
10, 18 or 6 10, 18 or 6

COCKPIT
_________ DISPL AY UNIT

(x = lO x 1O ’
~~)

CONCEPT E — ANALOG PRESSURE

PRESSURE DATA PACKAGE MAGNETIC DATA REDUCT. &
TRANSDUCER COMPUTER SLIP RING MULTIPLEX UNIT

A = 9 O x 1 O 6 ) x = l O x lO”6) ( x = 2 x l O 6) (x = 30 0x1 0 ’6 )
10, 18 or 6 10, 18 or 6 1 1 0 , 18 or 6

COCKPIT
______ DISPLAY UNIT

(x = lO x lO’6 )

• CONCEPT F — ANALOG PRESSURE

CONNECT ING PRESSURE SCHRADER
TUBING BEL LOWS LVDT VALVE

çx = 2Ox lO ~~) (x = lOOx lO ’6) (A = 2 x 1 0 ”6) (x = lO x lO”6) •

I 10, 18 or 6 [io , 18 or 6 ~ 
10, 18 or 6 I 10, 18 or 6

~~~~~~ 

‘

~~ o-6) 
1_._k~

I:R:~?!E::zF_~_.

FIGURE B—l . TIRE—PRESSURE—INDICATING —SYSTEM RELIABILITY DIAGRAMS
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______________  _______________  ______________

• CONCEPT G — ANALOG PRESSURE

PRESSURE I [~SIGNAL PICKUP I [ SYSTEMS
• TRANSDUCER H I ASSEMBLY H I MONITOR 

____

(x = 90 x lO~~ j fl(x = 100 x 1o_ 6 1 ~ = 30x l0 6)

110 , 18 or 6 ] 110 , 18 or 6

*Soljd state, temperature and pressure compensated.
• **E1ectro~~chaflical through a commutator assembly.

***Djsplays tire/wheel condition with audio and visual warning.

CONCEPT H — PRESSURE SW ITCH

PRESSURE I I TRANSFER I I TRANSMITTER—
SWITCH h_..1 CIRCUIT~. ~1...I RECEIVER ____________

(x = 50 x lo
_6 )I l(x = 2 x lo_6

)l f ( x = 2 x 10—6)

110 , 18 or 6 110 , 18 or 6 110 , 18 or 6

DATA PROCESSING WARNING LIGHT
- 

• 
UNIT (OR INDICATOR)~~.• 

(x = 30 x lo
_6
) (A = 10 x 1o 6

CONCEPT I — DIFFERENTIAL VALVE

EbIFFERENTIAL ACTUATOR ELECTRONIC
I VALVE ASSEMBLY* COMPUTER

50 x 10—6) (x = 110 x 10—6) (x = 30 x io
_6

• 
Jio, 18 or 6 10, 18 or 6

*Includes pressure transducer axle slip rings and
• interconnecting tube to a differential valve.

COCKPIT
MONITOR

(x = 1O x lO’~ )

1 • .~.Consists of inductive coils.
~~,Indicator optional.

I FIGURE B—i . TIRE—PRESSURE—INDICATING—SYSTEM RELIABILITY DIAGRAMS (CONTINUED)
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CONCEPT J — PRESSURE SWITCH

PRESS URE COUPLING & ELECTRONIC I
SWITCH TRANS/REC COILS CONTROL UNIT I

( A = 5 0 x 1 0 ’6 ) ~x 2 x l O ’6 ) (x = 3 O x 1 o ~~ j
1 10 , 18 or 6 1~~ 18 or 6

DISPLAY/WARNING
______ UNIT ____

(A = lOx io
_6

CONCEPT K — PRESSURE SWITCH

INDICATOR BRUSH, SPRING & SWITCH
LIGHT CONTACT DISC THERMOSTAT ASSEMBLY

(x = lO x lO’6) (x = lOO xlO ”6) (x = 3Oxl O ”6) (x = lO x lO”6)

10, 18 or 6 110, 18 or 6 110 , 18 or 6

~ ETTING SPRINGL__J (COMPRESSION) DIAPHRAGM FLEX HOSE

(x = 2 x lO
_6
) (x = 8 x lo

_6
) (x = 10 x lo

_6
)

110, 18 or 6 (10 , 18 or 6 
- 

(10 , 18 or 6

CONCEPT L - WEIGHT AND BALANCE SYSTEM

TRANSDUCERS Iii TRANSFORMERS k_ 
I~~~ RON IC~J~~~~~~~

(x = 120 x lo_6 )I I(x = 0.3 x lO
_6

)I (x = 100 x iO~~)J
f l O , 18 or 6 

_ _ _ _ _ _ _ _ _ _ _ _

*Ins~~l1ed on bogie beam or axle.

I INDICATION
_____ UNIT _____ _____

( (x = 1O x 1O”6)

FIGURE B—i . TIRE—PRESSURE—INDICATING—SYSTEM RELIABILITY DIAGRAMS (CONTINUED)
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C(~NCEPT M — WEIGHT AND BALANCE SYSTEM

TRANSDUCERS CURRENT ELECTRONICS
* TRANSFORMERS UNIT -_______

(x = 120 x icr6) (. = 0.3 x 10
6) (x = 300 x 10—6)

[10, 18 or 6 110 , 18or 6

*Installed on bogie beam or axle.

LA lO X lO 6)~~~~~~

CONCEPT N — WHEEL SPEED

SYSTEM DISPLAY AND WHEEL SPEED
COMPUTER CONTROL PANEL TRANSDUCER*

(x = 15Ox1O 6) ( x = 5 x 1 0 6) (x = 15 x lO 6)
• h o , 18 or 6

*Exj sts on aircraft.

FIGURE B—l . TIRE—PRESSURE—INDICATING—SYSTEfl RELIABILITY (CONTINUED)
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_______ ____________________________________________________

__________________
ANALOG PRESSURE — CONCEPT D 10-Wheel 18-Wheel 6-Wheel

COMPONENT QUANTITY FAILURE RATE SOURCE OF x~ NA (10 4) N~(lO 6) NA( 10 6)

Pressu re 10/18/6 90 ~ io
-6 RADC , 900 1 620 540Transducer Transducers - Press.

Coupl i ng Trans/ lo’l8’6 2 ~ lo~
6 DC—b Data, LVDT—

• Wheel Elect. Flight Control 20 36 12
Ac tuators

Electronics. Sw., 1 300 10 6 DC-b Data — Weight and
& N/Process Unit X Balance Computer 300 300 300

Cockpit DIsplay 1 10 ~ 10
—6 GIDEP (FARADA), Au to— 10 10 1Unit pilot Indicator 0

TOTAL FAILURE RATE: A • 1.230 1 ,966 862

MEAN TIME BETWEEN FAILURES: MTBF** • 813 hr 509 hr 1 ,160 hr

ANALOG PRESSURE — CONCEPT E 10—Wheel 18-Wheel 6-Wheel

COMPONENT QUANTITY FAILURE RATE SOURCE OF x Nx (l0 6) NA(l0 6) NA(10 6)

• 
~~~cer 10/18/6 90 x l0 6 

~~~~~ Xdcr. 900 1.620 540

Data Package 10/18/6 10 x l0 6 Estimate 100 180 60

MagnetIc , io-6 DC-b Data, LVDT -

Slip Ring 0/18/6 2 x Flight Control 2
Actua tors

• Multiplex Unit 1 300 x 10 6 DC-10 Data, Weight and 300 300 300
Balance Computer

Display Uni t 1 10 x b0 6 GIDEP (FARADA). Auto- 10 10 10
pilot Indicator

TOTAL FAILURE RATE : A • 1 ,330 2.146 922

MEAN TIME BETWEEN FAILURES : MTBF — 752 hr 466 hr 1 ,085 hr

*5~~ Table B-Ill 
V

‘~Where MTBF • 1/A

TABLE B-Il. FAILURE RATE DATA FOR EACH TI’! SYSTE1I CO!ICEPT
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F 
_____________________________ _ _ _ _

ANALOG PRESSURE — CONCEPT F ____________________ 10—Wheel 18-Wheel 6-Wheel

COMPONENT FAILURE RATE SOURCE OF A NA(10 6 ) Nx (104) NA(104)

Schrader Valve 10/18/6 10 x 10 6 RADC. Check Valves, 100 180 60
Pneumatic System

Connecting 10/18/6 20 x io 6 FARADA, Cl #1658S 200 360 120

Pressure 6 RADC, Bellows,
Bellows 10/18/6 100 x 10 1,000 1,800 600

LVDT 10/18/6 2 x io 6 DC-b Data, 20 36 12
• Flight Control Alt.

Cockpit Display 1 10 x 10-6 i.ilDEP (FARADA), Auto- 10 10 10
pilot Indicator

Electronics, Sw., 1 100 10-6 DC-b Data - Weight 3 0& N/Process Unit and Balance Computer

TOTAL FAILURE RATE: A = 1 ,630 2,686 1 ,102

MEAN TIME BETWEEN FAILURES: MTBF 614 hr 372 hr 907 hr

ANALOG PRESSURE — CONCEPT G 
____________________ 

10-Wheel 18—Wheel 6-Wheel

COMPONENT QUANTITY FAILURE RATE SOURCE OF A NA (1O 6) NA (10 6) NA (l0 6)

Pressure 10/18/6 90 x 10 6 RADC, Transducers - 900 1 ,620 540
Transducer Pressure

Signal Pick-up 10/18/6 100 x b0 6 RADC, Slip Ring 1 ,000 .800 600
Assembly Assy, Helicopter

(200 x 10-6 x 1/2

________________ _________ _____________ -_
for A ircraft) 

__________ ________

Systems Monitor 1 
~~ ~ bo~

6 DC—b Data — Brake 30 30 30& Indicator Temperature Monitor
________________ _________ _____________ 

Computer 
__________ _________ ________

TOTAL FAILURE RATE : A 1 ,930 3,450 1.170

MEAN TIME BETWEEN FAILURES: MTBF 518 hr 290 hr 855 hr

TABLE B—I l (Continued)

k 
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PRESSURE SWITCH — CONCEPT H 10-Wheel 18-Wheel 6-Wheel

COMPONENT QUANTITY FAILURE RATE 6 6 6(N) ( A )  SOURCE OF A NA(10 ) NA (10 ) NA (10

Pressure Switch 10/18/6 50 x lO
_6 RADC, 500 900 300Pressure Switch

Transfer Circuit 10/18/6 2 10—6 DC— l0 Data — LVDT, 20 36 12( In ductive Coi ls) X Flight Control Actuators

Transmitter— bO’l8/6 2 i0 6 DC—lO Data - LVDT, 20 30 12Rece iver Circuit ‘ X Fli ght Con trol Actua tors

• Data Processing ~ DC-lO Data - Brake
Unit 1 30 x 10 Temperature Monitor 30 10 30

____________________ _______ _____________ 

Computer 
________ _________

Warning Light 1 
-— 

10 x 10-6 IIDEP (FARADA), 10 10 10(or Indicator) Takeoff Warning System 
_________ ________

TOTAL FAILURE RATE: A — 580 1 ,022 374
MEAN TIME BETWEEN FAILURES: MTBF • 1 ,724 hr 978 hr 2,674 hr

DIFFERENTIAL VALVE — CONCEPT I 
— 

10—Wheel 18-Wheel 6—Wheel

COMPONENT QUANTITY FAILURE RAT E SOURCE OF A NA (bO~
6) NA(10 6) NA (10 6)

Transducer — RADC. Slip
Actuator Assembly 10/18/6 110 x 10*6 ?gi ? n ~~~ 

1.100 1 .980 660
GIDEP (FARADA)

Differential Valve 10/18/6 50 x io.6 Switch 500 900 300

Electron Ic 1 30 io-6 DC-b Data - Weight and 30 30 30Computer Balance Computer

Cockpit Monitor 1 10 X bo
_6 

~~~~p~~~~?~~icator 
10 10 10

TOTAL FAILURE RATE: A = 1,640 2,920 1,000

MEAN TIME BETWEEN FAILURES: MTBF = 610 hr 342 hr b,O~0 hr

TABLE B—Il (Conti,i •d)
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PRESSURE SWITCH — CONCEPT .J 10-Wheel 18-Wheel 6-Wheel

QUANTITY FAILURE RATE
COMPONENT (N) (x) SOURCE OF X NA(10 6 ) Nx(10 6) Nx(1O 6)

Pressure Switch 10/18/6 50 x b0 6 RADC, Pressure Switch 500 900 300

Coupling/Trans— 10/18/6 2 x io 6 DC—b Data — LVDT Flight 20 36 12
• 

• - Receiver Coils Con trol Actua tors

Electronic 1 30 x b0 6 DC-bO Data — Brake Tempera- 30 30 30
Control Unit ture Monitor Computer

Warning Unit 1 lOx l0 6 GIDEP (FARADA). Autopilot 10 10 10
Indicator

TOTAL FAILURE RATE: X • 560 
- 

976 352
• MEAN TIME BETWEEN FAILURES: MTBF = 1.786 hr 1 ,025 hr 2,841 hr

PRESSURE SWITCH — CONCEPT K 10-Wheel 18-Wheel 6-Wheel

QUANTITY FAILURE RATE 6 6 6COMPONENT (N) (K) SOURCE OF K Nx (b0 ) NK(b0 ) Nx (b0

Indicator Light 1 10 x 10-6 GIDEP (FARADA), Takeoff 10 10 10
Warning System

Brush, Spring & 10/ 18/ 6 100 x b0 6 RADC, Slip Ring Assembly, 1,000 1 ,800 600
Contact Disk Helicopter 

-

Thermostat 10/18/6 30 x 10 6 RADC, Thermocouple , 300 540 180
Airborne

Switch Asseetby 10/18/6 10 x io 6 Estimate 100 180 60

Setting Spring 10/18/6 2 x io 6 GIDEP (FARADA), Door 20 36 12
Mechan ism

Diaphragm 10/18/6 8 x b0 6 GIDEP (FARADA), Pressure 80 144 48
Diaphragm

Flex Hose 10/18/6 10 x 10 6 RADC, Hoses , General 100 180 60
Airborne

TOTAL FAILURE RATE: K — 1 ,610 2,890 970

MEAN TIME BETWEEN FAILURES: MTBF • 621 hr 346 hr 1,031 hr

TABLE B—lI (Con tinued)
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WEIGHT AND BALANCE — CONCEPT L 10-Wheel 18-Wheel 6-Wheel
QUANTITY FAILURE RATE

COMPONENT (N) (K) SOURCE OF K Nk(bO 6) NK(l0 6) Nx(10 6)

Transducers 10/ 18/6 120 x l0 6 GIDEP (FARADA) , Force Wheel 1.200 2,160 720
Sensor

Electronics 1 100 x 10 6 NIL HDBK 217B Component Data 100 100 bOO
Unit

Indicator Unit 1 10 x io 6 GIDEP (FARADA), Autopilot 10 10 10
Indic ator

Current 10/18/6 0.3 x io.6 NIL HDBK 2178 — — —
Transfor mers

TOTAL FAILURE RATE :K • 1,310 2,270 830

MEAN TIME BETWEEN FAILURES : MTBF = 763 hr 441 hr 1.205 hr

_______________ 

WEIGHT AND BALANCE — CONCEPT N 10-Wheel 18-Wheel 6-Wheel
QUANTITY FAILURE RATE 6 6

-~~~~ 

- COMPONENT (N) (K) SOURCE OF K NK(bO ) NK(b0 ) NK(10 6)

Transducers 10/ 18/6 120 x io 6 GIDEP (FARADA). Force Wheel 1.200 2.160 720
Sensor

Electronics 1 300 x bO 6 DC—b Data — Weight and 300 300 300
Unit Balance Computer

Indicator Unit 1 10 x 10-6 GIDEP (FARADA). Autopilot • 10 10 10
Indicator

Current 10/13/6 0.3 x io 6 NIL HDBK 217B — — —

Transformers
TOTAL FAILURE RATE: K • 1 ,510 2.470 1 ,030

MEAN T IME BETWEE N FAILU RES: MTBF • 662 hr 405 hr 971 hr

TABLE B-Il (Continued)
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WHEEL SPEED — CONCEPT N ______________________ 10-Wheel 18-Wheel 6-Wheel

COMPONENT QUANTITY FAILURE RATE SOURCE OF ~ NA( bO 6) NA(10 6) NA( bO 4)

System Computer 1 150 x 10 6 DC-lO Data 150 150 150

Display and 5 10-6 DC-b Data
Control Panel x

Wh;
~~n~~:~~r* 10/18/6 15 x b0 6 DC-b Data 150* 270* 90*

S - 
TOTAL FAILURE RATE: A 305 425 245

(155) (155) (155)

MEAN TIME BETWEEN FAILURES : MTB F • 3,279 hr 2,353 hr 4,082 hr
(6,452) (6,452) (6,452)

*Also used on aircraft for other subsystems. Therefore, not charged against Tire Pressure Indicating
system for causing delays. For probability of delay and Q0 calculations , use values in parentheses.
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TABLE B-li (Continued)
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1. t4LL—H3BI~—2 17 !~elt a b il ity P r e d ic ti on of l lec t r on i c
~qutpment , ~tilitary h andbook 2l7~~,No tice 2 . 17 March 197 8.

2.  D C — 1 O  I)ata The !)ou~ las Aircraft CoLa?any Reliability
‘)ata ‘sank of airline reported
reliability data.

3. GIDEP (FA!tA’)A) !~eliability— ’taintainabi lity (~~—1) Data
Sum.~ar ies fro:i the Covernnent—Inl u stry
Data I~xcha n~ e Progra n , CIDEP Operations
Cen ter , C o r o n a , Cal if o r n i a  up da ted
p e r i o d i c a l l y .

4. Estimate Failure rates based on engineering
Jud~~etnent of similar equipnent .

5. RADC ~o~ electroaic Reliability Notebook , Ro ne
A ir )evetopitent Center , R~%UC—tt’~— 15—2 2 ,
Ja nuary 1975.

TABLE 5—LI!. F%LLURE Tt%TC 3ATA S~ U R C E  R E F E R E N C E S
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Problem of False Wa rning
Percent of WI Failures Detected By: 

________ 
Due to: 

_______

OtT. & UN- FAILURE_INDICATED
ANNUM. OFT . NEVER TRANS. NON.

IN IN BITE ATP (Op . Time FALSE AND WARN
— COCKPIT COCKPIT (NTBUR) (NTBF) of TPI) WARNING INTER. LIMITS

CONCEPT (% DA) (S U) 
— 

(% B) (% A) (S N) (S FW) 
~
0T&I~ ~ 4i)

98 1.5 60 30 10 0.5 50 000 20,000

ANALOG PRESSURE 95 3 60 3 0 2 50000  20.000

F 95 3 60 30 10 2 50~~~ 20,000

ANALOG PRESSURE 80 13 60 30 10 7 50.000 15,000

PRESSURE SWITCH /0 15 60 30 10 15 50 000 20,000

DIFFERENTIAL VALVE 84 12 60 30 10 4 50 000 10,000

PRESSURE SWITC H 70 15 60 30 10 15 50,000 15,000

PRESSURE SW I TCH 70 15 60 30 10 15 so~ooo 1s
1
,ooo

L 85 10 60 30 10WEIGHT AND BALANCE 50.000 5,000

N 1 1
WEI Gè ~. AND BALANCE 85 10 60 30 10 5 5~)~~~

WHEEL SPEED 87 8 60 30 10 50 000 5,000

NOTE: The following percent monitoring % DA, % U. % B, S A and SN are
defined on ‘age (1-20, and P.1, 

~
‘T~I 

and are defined on pane
B-22. 

- -

TABLE B-IV. SUMMARY BY CONCEPT OF FACTORS AND TERMS USED IN CALCULATIONS
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d e t e c t e d  failures and could be in the equipm ent for
a length of time up to the operating life of t~~eaircraf t , as ind ica ted by the g ra ph in figure 13—2
fo r  t op.

B .  S a f e t y  S t u d y  
- ‘

Safe ty analyses were performed to estimate:

1. The probability of the system not operating
properly durin .3 takeoff when a low tire exists .,

2. The pr obability of false warnings on takeoff.

The first situation could result in a hazardous
cond iti on s imilar to tha t which can occur today
operating without a TPI system. The second
situation could presen t a hazard , unique to

• opera ting with a TPI system , if the fa lse low ti re
pressure warn ing occurred d~sring takeoff roll and
caused the pilot to initiate an unnecessary rejected
takeoff. The safety calculations use the same data ,
where applicable , that are u s e d  in the reliability
analyses. In add ition , the safety calculations
include the probability of a low/flat tire occurring
per d~~parture , f~~r 6 , 10. and 13 ‘.:~teel aircraft.
The prob -ib iliti2s , 3iven for in ~a r a~~r-aph 11—3 .1
below , are b zi s~~d ~~~~i an extensive review of blown
main tire incidents 3iven in Appendix A for the time
period f ro m July 1974 through September 1976 for the
r~c—1o , L—1011 , 3—747 , B—707 , B— 727 , 8—737 , UC— 8 , and
DC—9 aircraft. During this period there were 234
incidents that could have been caused by low/flat
tires in 1, 173 ,16 9 de par tures for  a 10 wheel
aircraft , an d 99 and 160 inc iden ts in 1 23 ,903 and
3,325 ,035 departures for 18 wheel and 6 wheel
aircraft , respectively . Low/flat tires during
rollou t and taxi—in after flights are not included
beca use a review of the history of tire problems
shows that taxi—out and takeoff are the hazardous
phases for low/flat tires. Also , one—half of the
inc iden t s  due to b lown t i r e s  was c o n s i d e r e d  to have
been ca used ~y low/fla t tires and the other half due
to other causes such as thrown treads.

The percent of the total TPI system failure rate
t h a t  can cause  f a l s e  w a r n i n g s , Z FWI~ is a l so  used in
t h e  s a f e t y  c a l c u l a t t on i ,  p a r ag r a p h  1 1 — 8. 2  be low.
The  % FW v a l u es  are shown  in T a b l e  IV and are  based
on e n g i n e e r i n g  j . .d ;ement s  s ince  no d a t a  is a v a i l a b l e

IL 1-18
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for the portion of the f a i l u r e s  of each c o n c e p t  t h a t ~
would err oneously annunciate to the fligh t crew a
l o w/ f l a t  t i r e  i n d i c a t i o n .

I I .  1~EL 14B 1LITY AN~ SAFETY CALCULAT iONS (Typical)

The equat ions used in the reliability and safety
calcula tions and examples of the calculations , based  on
the TPI systen of concept E for a 10 wheel aircraft are
;iven below.

A. Rq ii~~~~j~iç~~~Ca l cu la ~t ions

1. TPI  s y s t e m  o p e r a t i n g  p r o p e r l y  d u r i ng  t a x i — o u t
and takeoff run.

Th e probability of the TPI system operating
pro perly per depar tu re , RTPT, i.e. that it will
detect and annunciate a row/flat tire to the
fl ight crew from power on the aircraft through
tax i— out and takeoff run is:

R,~PI RDA X R U 
(1)

cmere: RDA= Probability of the p a r t s  of t h e
Tn sys tem , whose failure is
detected and annunciated in the
cockpit , working properly.

= Probability of the parts of the
TPI  sys tem , whose failure is not
detected and annunciated in the
cockpit , work ing properly.

C o n s i d e r i ng  t h e  d e g r e e  of monitoring and t h e
percent of the hardware that is tested/checked ,
as shown in Table B—tv , R DA and can be
written as

— (A % )tl
~DA e TPI DA EIU

and

— e ~ rpizu)(Z8.t 8 + ZA tA + Z~~ t0~ )

so t h a t  R TPI can be e x p r e s s ed  as

8TP1 e ~~TPI (ZDAStEXP + ZU (Z
B•t B + ZA tA + Z.~.t0~ )J  (2)

~Ih er e :  The t o t a l  f a i l u r e  r a t e  f o r  t h e  TPI
system.

I
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Z,~~ — Percent of t he  t o t a l  TP I  s y s t em
failure rate that is d e t e c t e d  and
a n n u n c i a t e d  to  t h e  f l igh t  c r e w
whe a  t h e  f a i l u r e  o c c u r s .

t — E x p o s ur e  t i m e  of c o n c e r n  d u r i n gW wh ich the TPI system should be
op e r a ti ng p ro pe r l y ,  in this case
f r o m pow e r on t h r o u g h  t a x i — o u t .

— Percent of the total TPI system
U failure rate that is undetected ,

i.e. due to failures in the TPI
sys te m tha t are  no t de tec ted and
annunciated to the fligh t crew
wh en these failures occur.

— Percent of the undetected TPI
system failure rate that is
checked for proper/improper
operation -during a BITE test of
t h e  TPI s y s t e m .

t
B 

— ~1ean—T ime— Between— Unscheduled—
R e m ov a l s  (M T B~1R) when  a BITE t e s t
is p e r f o r m e d  and  any e x i s t i n g  B
t y p e  f a i l u r e  of t he  T P I  s y s t e m  is
detec ted . - j

ZA — Percent of the undetected TPI
system failure rate that is
check ed  f or p ro pe r / im p rop er
o pe r a t i o n  dur in g an A cce pt ance
Test Procedure (ATP). This is the
percent that is in addition to

t — M e a n — T i m e — B e t w e e n — F a i l u r e s  (H T B F )
A when a n ~TP t es t  is pe r f o r m e d  and

any  e x i s t i n g  A t y p e  f a i l u r e  is
d e t e c t e d .

— P e r c e n t  of the undetected failure
rate that is never d e t e c t e d , i.e.
unde tected failures that are not
de tec ted by e ither  3ITE or ATP
tests.

— Total operating tine of TPI
OP s y s t em , since N type failures

could occur any time during the
opera ting time of the TPI system

1—20
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without being detected or
indicated by any tests.

N O T E :  In the equation , percents (Z) are shown ,
wh ereas in the calculations values are
expressed as decimal numerics. All time
and failure rate values are normalized
in hours.

Thus the probability of the TPI system
operating properly from power on through taxi—
out and takeoff , RTPI , can be determined from
Equation (2) and u sing the appropriate data in
Table 3—LI and IV. For example, for TPI
Concept E, R.rpi would be, for a conservative
average exposure time , ~~~~~~ , of 20 minutes from
TPI system power on through taxi and the
take of f  run:

—1,330 x 10 
6 
[
0 95..~~~+ 0,03(0.60.500* + 0.30.750* + O.lOt )]

• RTPI e 
- 

op

—4 ~— 0.98 e OP (per departure)

Since varies with the operating time of
the TPI system . Figure 8—2 has been prepared to
show the values of R~ , versus operating time ,

— top ,  for Concept E.

— 4- Thus the value of RTfl varies from 0.98 to 0.65
for zero percent “never detected” undetected
failures to the worst case for the last
departure in the life of the aircraft of

- . 100 ,000 operating hours , respectively.

It should be observed that the value of
0.66 represents a worst case situation because
the “never detected” failures might actually be
discovered , if they occur , before 100 ,000
operating hours. This is possible in the event
a low/flat tire occurs and the TPI system does
not annunciate that condition. The TPI system
wo u ld be ‘squawked’ and the system checked to
determine why the system did not function
pr operly. If a “never detected” failure was
the cause , the tests/checks that would be
performed would not locate the failure and the
sys tem equipment would check ‘ok’. h owever , if
another similar event occurred and the TPL
sys tem checked ‘ok’, the system might be
sub jec ted to a co~iip 1ete test of all the parts
and the ‘never de tected” failure discovered.
However , the TPI system might not be subjected

*See *MIBUR on page B-24. 
-

-

~~~~ 1-21

~ 

___



- - - 
- ~~~~~~~~~~~~~~~~~~~ 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~ 
—

I 
—

_ _  _ _

/ h

~~

.J.J ___ 
_ _ _ _ _ _  _ _ _ _ _ _  

11
<

1:

• 

_ _ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _

i



-~~~~ ~~~~~~~~ 

- 

- ~~~~~~~~~~~~~~~

~~~ 
pj~g is ~~~ QUALtT~ 

p~ cT1~I3~4

~~~~ COPY SU~~1S1~~ TO D
i)C ..—

to a complete test until after mare than three
or more such events. Also , th e r e  is a
probability that more than one “never detected”
failure occurred in the system and the comp le t e
test of the system stopDed after one “never
detected” failure was found. The system could
be repaired and placed back in service with
another “never detected” failure still existing
in the system. Thus , although it is likely
that a “never detected” undetected failure
would be discovered before ~he full 100 ,000
operating hours , it is difficult to say when ,
on th e  av er a g e , such a failure would be
discovered and it is likely that a “never
detected” failure could exist in the system for
a very long period of time .

Als o, if the system is occasionally called on
to function due to one or more low/flat tires ,
and it functions properly, this constitutes a

- 
• verification that a never detected” failure

has not occurred , at least on the affected
whe el , and thus the exposure t ime t 0~, for those
elements begins anew each time they are
successfully used. According ly, the curve for
R
T~~ in Figure 3—2 is a function of this

unknown t ime and is shown to the worst case
operating ti~ne of 100 ,000 hours.

2. Oelay Rate Caused by TPI System Failures

• The probability of a delay caused by TPI system
failures , 

~D’ 
would be per departure-:

- 

- ~~ p~
(Z + Z  )t

Q 1 - e  D FW EXP + Q  +Q 3D T&I MVL

Wher e: % — Percent of the total TPI system
f a i l u r e  r a t e  t h a t  f a l s e l y
annunciates a low/flat tire
warning in the cockpit.

~T ~ 
— Probability per departure of TPI

& system falsely annunciating a
low/flat t ire warning in the
cockpit due to transients and
i nt e rm i t t e nt s  ( n o n — h a r d w a r e
f a i l u r e ) .

Q — P r o b a b i l i t y  pe r depar tu re of TPI
sys tem fa lsely annun c ia ti ng a
low .flat tire warning in the

B—23
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~~~~~~~~~~~~~~~~~~~~~~~~ .— cock pit due to the TPI monitor
limits being exceeded when no
low/fla t tire exists (non—hardware
fa ilure).

*HTB’JR — 500 hours is obtained by dividing the
HTBF (750 hours for Coicap t E from Table B—I)
by 1.5 , as discribed in paragrap~u I above ; ref. p.B21.

and the delay rate for TPI system failures ,DR,~~1
,

per 10 ,000 departures would be:

DR.~~1 
— x 10,000

For TPI sys te m Conce pt E the delay rate would
be , using data from Tables B— LI and IV and for
an average ex posure time of 20 minutes from TPI
system power on through taxi—out to the runway:

—1,330 x 1~~
6 
(0.95 + 0.02)

Q 1 — e -  + +D - 50,000 5,000

— 4.3 x 10~~ + 0.2 x + 2 x 10’
~~ — 6.5 x 10 ’

~ per departure

and , - DRTPI — 6.5 delay s per 10 ,000 depar tu res
due to TPi system failures.

5. Safety Calculations

1. Hazard Due to a Low/Flat Tire and Lack of
Uarn in; Ouring Takeoff

The p robability per departure , ~~~ , of a
hazard due to a tow/fl-a t tire and lack of
warn ing during takeoff can be expressed as the
probab ility per departure that the TPI system
w ill not operate properly (not warn) for a
low/fla t tire during taxi and during the
takeoff  run , , comb ined wi th the
probabili ty that a ‘low/ f la t t ire exis ts ,

QHAZ QT X QTPI

Where: Q,, • Probability per departure that a
L l o w / fl a t  t i r e  exists — 2 . 4  x io~~f o r  a 10 wheel a i r c r a f t .  The

probab i l i t i e s  of a l o w/ f l a t  t i r e
f o r  18 wheel and 6 w h e e l  a i r c r a f t

1—24
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are 3.0 x 10 ”
~ and 

- 

4.3 x 10
respectively.

~rpi — — R..~ 1 refer to relationship
sho~sn in para grapa I above.

Tn us:

~UAZ 
— 
~T 

‘ (1 —

For Concept E (10 wheel aircraft) using values
in Tables B— LI and IV and an exposure time ,t3~ ,

equal to taxi—out time plus takeoff time of
• j 20 minutes together with a probability, 

~T-
that a low/flat tire exists of 2.4 x i0~~~ g i v e n
above , results in values of -

— 2.4 x 10~~ (1. — 0.98)

— 0.5 x 10 or 200,000
Takeoffs for zero percent “never
detected ” undetected failures and

Qp~~~~~ 2 .4 x l 0 4 (1~~~ 0.66)

— 8.2 x 10 or 12,195
Take offs for 3 percent ‘never
detected ’

~ failures which is the
worst case value for Q~~ for the
last departure in the liUetime of
the aircraft (100 ,r)~~0 operating
hours).

2. Probability of a False ~Jarning !~uring Takeoff

The prob ability per departur e of a failure of
the TPI system so that a false warning to the
flight crew occurs during the critical portion
of tne takeoff run is:

Q~~ 
— — e ~TPI ~FW • tTO

Where: Perc ent of the total TPI system

• fa ilure rate that cause false
warnings , i.e. erroneously
annunciates to the fligh t crew a
low/flat tire indication.

t • Cr iti cal takeo f f  per iod — 30
TO seconds ,

B—25

- - %— - - — _ _ -,_I__ • -~~_ •__ •-.a___.• __ __$% _ 4•~ - - - -• _ —-•__ —

___________________________________ - ~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~ -~~~ . 
-



r. 
- 

- 
- — - - - --

~~
- - - —-- - --—

~~ 

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

-
~~~

- -
~~~~~~~~~~~~~~~~

--
~~~

------

~3IS PA~~ IS BLST QUALt~~~~
Icfl~L~~”

~~n~ oopYr.E~uSH~ED TO DDC

A c c o r d i ng l y,  the value  of Qp
~ 

for Con cept B (10
wheel a i r c r a f t)  based on the  da ta  in Tables 8—
It and IV is:

— 1_ ~~~—l,330x 10 6 x 0.02 x~~~~~

— 2.2 x 10 or 
~~~~~~~~~~~~~~ 

tak.offs

U’• RELIABILITY A!4) SAFETY SU’lt-IAVL

The values for Reliabili ty — a n e s t ima te of th e S

Mean—Time—Between—Failure s (~-1TBF), the probab ility
of the TPI system operating properly during taxi—out
an d take o f f  ( ), a nd the p r o b a b i l i t y  of a

• 
- dispatch delay — and also the values for Safety —

the probability of the TPI system no t  op e r a t i n g
p r o p e r l y  d u r i n g  t a k e o f f  when a l o w / f l a t  t i r e  exists
(
~~~‘jz). 

and the  p r o b a b i l i ty  of a f a l s e  w a r n i n g  on
takeoff C Q~~ ) — are summarized in Table B—I. The
summary incfu des Concepts E through ‘4 for lO s, 6, and
18 wheel  a i r c r a f t .  Va lues  of and ‘l~j~~ are
shown fo r  3 pe rcen t  and f o r  zero percent ‘never
de t ec ted” undetected failure s so that the m agnitu de
of improvem ent  in r e l i a b i l i ty  and s a f e t y  can be seen
by e l i m i n a t i ng  all  “ never  d e t e c t e d ”  f a i l u r e s , i. e.
by assuring t hat all circuitry/parts of the TPI
system are tested d u r i n g  an Accep tance  Test
Procedure bench check.
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