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RATIONALE

This guidance document has been produced in an effort to record best practice in fuel gauging system design and
indicate those things which should be considered in the design of a new fuel gauging system in order to achieve an

accurate and reliable fuel quantity indicating system (FQIS).
since ARINC 611-1 was issued in 1999.

It is also intended to capture changes in design practice
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Other shortcomings of capacitance systems, based on widespread experience with capacitance technology, are problems
associated with the presence of water in the fuel. Water can be present in solution when the fuel is loaded (uplifted). The
water solubility in fuel increases with temperature, conversely, as the fuel temperature decreases the water precipitates
out of the fuel, leading to more free water in the tank, which ultimately changes to ice. The water settles at the bottom of
the tank and can build up to such a level that it starts to rise between the concentric tubes of capacitance probes and may
cause erroneous measurements. Liquid water has a very high dielectric constant when compared to aviation fuels
(nominal 40 to 1 ratio) that introduces significant changes in measured capacitance for fuel sensors that are immersed in
water, even if that immersion affects only the lower few millimeters of the probe. It must be noted that frozen water is not
conductive and has a dielectric constant not far from fuel (1.4 to 1 ratio) and so does not have the same effect as free
water. Traditional fuel systems address water condensation by frequent sumping/water drain activities from the fuel tanks
and placement of the fuel sensors sufficiently above the bottom of the tank to mitigate water accumulation effects. Fuel
probes are designed to readily shed water from collecting on the inner surfaces of the capacitive sensor. These measures
do not solve the problem entirely, but reduce it to a practical level.
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decade, and the recent introduction of alternate fuels ("bio-fuels" and "synthetic fuels": fuels created from non-petroleum
sources). Finally, assignment of inexperienced personnel to a particular aircraft often results in "trial and error" or
"shotgun" troubleshooting, partly as a result of the inherently ambiguous system BITE (Built-In Test Equipment).
Frequently the most accessible components, which are not necessarily defective, are removed and replaced (normally the
processor or indicator). Operating in this manner has several disadvantages. Maintenance costs are driven upwards
because of testing unverifiable failures in the shop. Also, operators experience needless departure delays. Specialized
test equipment addresses most of the troubleshooting concerns, but it requires costly equipment and personnel that have
the necessary training/schooling to be able to utilize them to have an advantageous effect.
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1. SCOPE

This document is applicable to commercial and military aircraft fuel quantity indication systems. It is intended to give
guidance for system design and installation. It describes key areas to be considered in the design of a modern fuel
system, and builds upon experiences gained in the industry in the last 10 years.

1.1 Purpose

This document is intended to serve as guidance to airframe and equipment manufacturers for the design and installation
of Fuel Quantity Indicating Systems (FQIS) used on commercial and military aircraft. Although it focuses on the type of
systems traditionally used for larger aircraft, where applicable it also shows what is different about systems used for
smaller aircraft and helicopters.

This document is not intended to be a fully definitive specification, but concentrates on areas,where it is felt guidance is
needed to fully understand the design intent.

It is difficult to completgly define a set of characteristics which would fully cover a ‘standard [FQIS. The reasons are
primarily:

1. New technologies, particularly in the sensor field will most likely be introduced
2. There are various cdnfigurations of fuel tanks in aircraft, - for example:two fuel tanks on an Embraer 123 compared to
nine fuel tanks on tihe 910K version of a Boeing 747-400 (747-KKK). This variation does not lend itself to a single
FQIS solution

3. There are different gafety criticality considerations dependingion the application, for example, the effects of center of
gravity (CG) that imgact the architecture of FQIS

4. Migration from metallto composite airframe structure design.

However, it is possible fo establish guidelines covering most areas of system architecture and installation that can be
applied across most aircfaft.

2. REFERENCES
2.1 Applicable Documents

The following publications form a-part of this document to the extent specified herein. The latest issue of SAE publications
shall apply. The applicaljle issde of other publications shall be the issue in effect on the date of the purchase order. In the
event of conflict between the text of this document and references cited herein, the text |of this document takes
precedence. Nothing in thissdeeurment-however—supersedes-applicabletaws-andregulationsunrtess a specific exemption
has been obtained.

2.1.1  SAE Publications

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside
USA and Canada) or 724-776-4970 (outside USA), www.sae.org.

ARP1870 Aerospace Systems Electrical Bonding and Grounding for Electromagnetic Compatibility and Safety
AIR4246 Contaminants for Aircraft Turbine Engine Fuel System Component Testing

ARP4754 Guidelines for Development of Civil Aircraft and Systems


https://saenorm.com/api/?name=019e057dcf95ce84eb1fb46efe98e5b5

SAE AIR5691 Page 7 of 63

ARP4761 Guidelines and Methods for Conducting the Safety Assessment Process on Civil Airborne Systems
and Equipment

ARP5412 Aircraft Lightning Environment and Related Test Waveforms

ARP5414 Aircraft Lightning Zoning

ARP5577 Aircraft Lightning Direct Effects Certification

ARP8615 Fuel System Components: General Specification For

2.1.2 ARINC Publications

Available from ARINLC Incorporated, 2551 Riva Road, Annapolis, MD 21401,, [Tel: 800 633 6882,
https://www.arinc.com/cf]store/index.cfm

ARINC 429 Mark 33 Digital Information Transfer System (DITS) Specification
ARINC Report 604  Gtiidance for the Design and Use of Built-In Test Equipment (BITE)
ARINC Report 607  Degsign Guidance for Avionics Equipment

ARINC Report 609  Design Guidance for Aircraft Electrical Power Systems

ARINC Report 611 Guiidance for the Design and Installation of Fuel Quantity Systems
ARINC 664 Ayionics Full-Duplex Switched Ethernet

2.1.3 ASTM Publicatigns

Available from ASTM Infernational, 100 Barr Harbof Drive, P.O. Box C700, West Conshohockén, PA 19428-2959, Tel:
610-832-9585, www.astm.org.

ASTM D1655 Sthndard Specification-for Aviation Turbine Fuels
ASTM D7566 Sthndard Specification for Aviation Turbine Fuel Containing Synthesized Hydrocarbons
2.1.4 EASA Publications

Available from Europear] Avjation Safety Agency, Postfach 10 12 53, D-50452 Koeln, Germany/ Tel: +49-221-8999-000,
www.easa.eu.int.

CS-25 Certification Specifications for Large Aeroplanes
2.1.5 ESA Publications

Available from European Space Agency, European Space Agency, 8-10 rue Mario Nikis, 75738 Paris Cedex 15, France,
tel: +33 1 5369 7654, http://esmat.esa.int/ecss-g-st-70-20c.pdf

Q-70-20A Secretariat for European Cooperation for Space Standardization (ECSS) specification:
Determination of The Susceptibility of Silver-Plated Copper Wire and Cable to Red-Plague
Corrosion 19 December 2000
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216

FAA Publications

Available from Federal Aviation Administration, 800 Independence Avenue, SW, Washington, DC 20591, Tel: 866-835-

5322, www.faa.gov.

14 CFR Part 25

14 CFR Part 23

Category Airplanes

14 CFR Part 29

2.1.7 RTCA Publicatio

ns

Code of Federal Regulation, Airworthiness Standards: Transport Category Airplanes

Code of Federal Regulation, Airworthiness Standards: Normal, Utility, Acrobatic, and Commuter

Code of Federal Regulation, Airworthiness Standards: Transport Category Rotorcraft

Available from RTCA, In

DO-160 En
DO-178 Sq
DO-254

2.1.8 U.S. Governmer

Available from the Do
Philadelphia, PA 19111-

MIL-STD-1742
MIL-STD-1553 Ai
2.1.9 UL Publications

Available from Underwr
www.ul.com.

UL 913 Int

Ha

2.1.10 CRC Publication|

Design Assurance Guidelines for Airborne Electronic Hardware

Hyman Engineering Design Criteria, Standard Department of Defense

., 1150 18th Street, NW, Suite 910, Washington, DC 20036, Tel: 20283
vironmental Conditions and Test Procedures for Airborne Equipment

ftware Considerations in Airborne Systems and Equipment-Certification

t Publications

cument Automation and Production Service (DAPS), Building 4/D,
h094, Tel: 215-697-6257, https://assist.daps.dla.mil/quicksearch/.

craft Internal Time Division Command/Response Multiplex Data Bus

ters Laboratories™ Inc., 333 Pfingsten Road, Northbrook, IL 60062-2

rinsically (Safe Apparatus and Associated Apparatus for use in Clg
zardous-(Classified) Locations

S

3-9339, www.rtca.org.

700 Robbins Avenue,

D96, Tel: 847-272-8800,

ss |, Il, Ill, Division 1,

Available from Coordinating Research Council, 3650 Mansell Road, Suite 140, Alpharetta, GA 30022, Tel: 678-795-0506,

www.crcao.com.

CRC Reprt No. 647 World Sampling Program

CRC Report No. 635 Handbook of Aviation Fuel Properties
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2.2 Related Publications

The following publications are provided for information purposes only and are not a required part of this SAE Aerospace
Technical Report.

SAE AE4L Lightning Test Waveforms and Techniques for Aerospace Vehicles and Hardware

AC 20-53 Protection of Airplane Fuel Systems against Fuel Vapor Ignition due to Lightning

AC 25-981-1c Fuel Tank Ignition Source Prevention Guidelines

SFAR 88 Special Federal Aviation Regulations No. 88: Transport Airplane FuelTank System Design Review,
Flammability Reduction and Maintenance and Inspection Requirements, Final Rule

BS5501: Part 7: Electrical Apparatus for Potentially Explosive Atmospheres 1977: EN50Q 14

IEC 600079 Elgctrical Apparatus for Explosive Gas Atmospheres: 3™ Edition

MIL-G-7940 Gauge, Liquid Quantity, Capacitor type, Installation and Calibration of

MIL-G-26988 Gauge, Liquid Quantity, Capacitor type Transistorized{Ge&neral Specification for

2.3 Definitions, Symbqls, and Terminology

The definitions, symbolg and terminology given in this section arevonly intended to address key areas specific to this
document. All other defirfitions are contained in referenced docugnents.

2.3.1 Definitions

FAULT: A failure of an ip-tank or outside tank component, including wiring, which contributes to the possibility of creating
an ignition source or impgcts gauging accuracy (e.g./the shorting of a fuel probe by a contaminant).

GROUND: A conducting connection, whether'intentional or accidental, between an electrical cirquit or equipment and the
earth or to some condlicting body that(serves in place of the earth. ARP1870 defines a gfound as "A conducting
connection, whether intentional or accidental, by which an electric current or equipment is conngcted to the earth, or to a
conducting structure thaf serves a function similar to an earth ground (that is, a structure such as|a frame of an air, space,
or land vehicle that is nof conductively connected to earth)."

QUALITATIVE: Those gnalytical processes that assess system and airplane safety in a subjectije, or objective, but non-
numerical manner.

QUANTITATIVE: Those analytical processes that apply mathematical methods to assess system and airplane safety.

SHIELD: Also known as a screen. A conductor which is grounded to an equipment case or aircraft structure at both ends
and is routed in parallel with and bound within a cable bundle. The effect of the shield is to provide a low resistance path
between equipment so connected.
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2.3.2 Acronyms

AC
AC
ACARS
AIR
ARP
ARINC
BITE
CAN
CG

D

DC
DITS
EASA
EM
EME
EMI
EWIS
FAA
FAR
FQIS
FQS
HEFA
HIRF
IMA
K
LRU
OEM
PCB
RSS
SFAR
TSU
UL
VAC
VDC
VOS

233

AUTO IGNITION TEMPH

Terminology

Advisory Circular
Alternating Current

Aircraft Communications Addressing and Reporting System

Aerospace Information Report
Aerospace Recommended Practice
Aeronautical Radio Incorporated.
Built-in-Test Equipment

Controller Area Network

Center of Gravity

Density

Direct Current

Digital Irfformation Transfer Sysiem
Europedn Aviation Safety Agency
Electromagnetic

Electro
Electromagnetic Interference

Electricdl Wiring In Systems

Federal Aviation Administration
Federal Aviation Regulation

Fuel Quantity Indicating System

Fuel Quantity System

Hydroprpcessed Esters and Fatty Acids
High Intensity Radiated Field

Integrated Modular Avionics
Permittiyity/Dielectric Constant

Line Replaceable Unit

Original Equipment Manufacturer
Printed Circuit Board
Root-sum-squared

Special Federal Aviation Regulation
Transient Suppression Unit
Underw:Eers Laboratories

Volts Alternating Current
Volts Ditect Current
Velocity jof Sound

ERATURE: The minimum temperature at which an optimized flammable

yapor and air mixture will

spontaneously ignite.

ELECTRICAL BONDING: The joining of metallic parts to form an electrically conductive path which assures electrical

continuity and the capacity to safely conduct any current imposed between the metallic parts.

ELECTROMAGNETIC INTERFERENCE (EMI): Any emitted, radiated, conducted or induced voltage which degrades,

obstructs, or repeatedly interrupts the desired performance of electronic equipment.

ELECTROSTATIC DISSIPATION: Bleeding away of any charge build-up on structures or equipment. To ensure that there
will be no internal static discharge, the fuel tank and all internal installations must have design features that address
possible static buildup through dissipation paths.
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EXPOSURE TIME: The period of time between when an item was last known to be operating properly and when it will be
known to be operating properly again. This definition applies to latent failures.

FAIL-SAFE DESIGN: 14 CFR/CS §25.981 paragraph a(3) defines a fail-safe design as "Demonstrating that an ignition
source could not result from each single failure, from each single failure in combination with each latent failure condition
not shown to be extremely remote, and from all combinations of failures not shown to be extremely improbable.”" Within
the context of 14 CFR/CS §25.1309, an extremely improbable event (catastrophic) is defined as having a probability of
less than 10 per flight hour. Within the context of 14 CFR/CS §25.1309, an extremely remote event (severe major) is
defined as having a probability of less than 10”7 per flight hour.

HIRF: High Intensity Radiated Field. Expected aircraft radiated field environment resulting from exposure to RF

transmitters (e.g., RADAR) throughout the world.

IGNITION SOURCE: A source of sufficient energy to initiate combustion of the fuel vapor within the ullage space.

INTEGRITY: The integrify of a system is the probability of that system displaying data or perfor
may appear correct to tHe users of the system, but in actual fact is in error or inappropriate, with

that there is a fault (i.e.,

INTRINSICALLY SAFE:
energy under normal of
mixture in the most eas

and acceptable energy magnitudes.

LATENT FAILURE: A fq

LIGHTNING DIRECT ER
lightning channel and/o

burning and vaporizatiof of aircraft or equipment surfaces and structures. It is also includes d

currents and EM fields in

LIGHTNING INDIRECT
direct strike to the aircra
through electromagnetic

current flow on the aircrdft.

LIGHTNING STRIKE Z(
attachment, dwell time a

NORMAL OPERATION:

he error is caused by an undetected failure)

Any instrument, equipment, or wiring that is incapable-of.releasing suffig
erating or anticipated failure conditions to cause ignition of a specifig
ly ignited concentration. Refer to AC25.981-1C for a comprehensive r

lure whose presence may not be readily apparent to the flight crew or m

FFECTS: Any physical damage to the-aircraft and/or equipment due to

the structure and associated wiring and plumbing. Refer to ARP5577
EFFECTS: Electrical transients in aircraft electrical circuitry which occ

t is coupled into equipfient wiring or other structure and plumbing. Theg
field penetration jntothe aircraft interior, or through structural IR voltage

DNES: Aircraft surface areas and structures classified according to th
nd currentconduction. Refer to ARP5414.

The\operating condition of a component in the absence of faults and thre

ming an operation which
but the system indicating

ient electrical or thermal
hazardous atmosphere
bview of energy sources

pintenance personnel.

direct attachment of the

conduction of lightning current. A his includes dielectric puncture, blasting, bending, melting,

irectly injected voltages,

urs when energy from a
e transients are coupled
rises due to the lightning

e possibility of lightning

ats.

OUTGASSING: Release of dissolved air from fuel, during climb. This causes spontaneous generation of air bubbles

within the fuel.

SIGNIFICANT LATENT FAILURE: Failure that would, in combination with one or more specific failures or events, result in
a hazardous or catastrophic failure condition.

ULLAGE: Space above the fuel surface within an aircraft fuel tank (i.e., space between the fuel surface and upper tank
surface), filled with a mixture of air and fuel vapor

UNSAFE SYSTEM OPERATING CONDITION: Operating condition in which the airplane is operating one failure away
from a catastrophic fuel tank ignition that is greater than extremely remote.
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3. OVERVIEW OF GAUGING TECHNOLOGIES AND FUEL CHARACTERISTIC MEASUREMENTS
3.1 General

Fuel gauging systems typically use one of two technologies to measure the height of fuel within the fuel tanks. These are:
a. Capacitance

b. Ultrasonic

Each of these sensing technologies is described below. In principle the gauging system downstream of the sensor
interface will be largely the same, since both sensor technologies are used to derive a fuel height. Downstream algorithms

then use the fuel heights to calculate a volume of fuel in each tank. Combining this with a density (measured or default
value) gives a mass, which is displayed in the cockpit.

For each of these tech
various other factors cari
measurement of permitti

rature, stratification and
cessary to provide some
br an ultrasonic system.

nologies variations in fuel characteristics caused by fuel types{tempsg
influence the calculated mass. In order to compensate for these.it is ne
ity/dielectric constant for a capacitance system, and Velocity of Sound f

For aircraft where high accuracy is not required, it is not necessary to measure‘density and it may not be necessary to
measure temperature or|permittivity, depending on what the accuracy requiréments are.

ngine aircraft. For piston-
y used in turbine engine

Smaller aircraft may use
engine aircraft it is more
aircraft.

other systems, such as floats. This technology is-Used in some piston-e
common to display a volume in the cockpit,-father than the mass displa

3.1.1  Capacitance Ga

iging
A capacitance gauging system utilizes a number of congentric tube capacitors to measure the fugl height within each tank
at multiple points within the tank. These height measufements are then used to determine a fuel|volume and fuel mass in
each tank.
3.1.1.1

Probe Constryction and Principles

sists of two cancentric conductive tubes forming the electrodes of the
(carbon fibet*or epoxy). The probe outer electrode is usually man

capacitor. The tubes can
ifactured from precision

A capacitance probe co
be metallic or composite

aluminum alloy tubing, gorrosion protected by some means (for example electroless nickel pla
composite with a conduftive innerlayer. The inner electrode is usually manufactured from pre
alloy tube, corrosion protectéd by some means (for example chromate film), although this c
he two electrodes are spatlally separated and Iocated with high quali

conductive outer layer.

e), although this can be
cision parallel aluminum
an be composite with a
ty fuel resistant polymer

support pins. Probes are

e, or by fitting the probe

with an integral metallic flange for attachment to the tank wall at one end with the other end supported by a self-draining
elastomeric cup (chimney). In modern systems, the use of a metallic flange with an elastometric separator is not
recommended, since the elastomer separator can fail and the probe may become shorted to ground, which reduces the
protective gap.

Typically in modern systems the tubes forming the inner and outer tubes are of uniform diameter, giving a linear
capacitance per unit length. In older systems, and in systems today fitted to smaller aircraft, the inner tube may be
"profiled" (consist of different diameters for metallic tubes or variation of conductive layer surface for composite tubes),
with the capacitance per unit length reflecting roughly the different shape of the tank at different heights to give an
approximation of volume/unit length.
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FIGURE 1 - CONCENTRIC TUBE CAPACITOR IN AIR

From first principles the ¢apacitance of the probe in air is given by:
C=(2ne, KL)/[In(Ro/R))] (Eq. 1)

where:

=T

C = capacitance in p
€, =8.85

K = Dielectric Constant (Kar = 1)
L = Length meters
Ro = Radius of outer tube

Ri = Radius of inner fube

air

——/_\va\/"\/'\/\/\
L. \
uel
Ro El
<

FIGURE 2 - PARTIALLY IMMERSED PROBE
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As the probe becomes immersed in fuel the capacitance can be calculated by:

where:

C =[(2m £,)/In(Ro/Ri) I"( Kr - 1) Lc + Ce

C = total sensor capacitance

Lc = Length covered

Ke = Dielectric constant of fuel

Ce = Sensor empty

apacitance

(Eq. 2)

€, =8.85
Ro = Radius of outer
R; = Radius of inner
The dielectric constant o

displacing the air, the ca
Height can be calculated

3.1.1.2

There are two main met
summary below.

In addition some aircraf]
"active" capacitance wh
capacitor, and time dom|

a.

Common Capacitance Measurement Techniques

AC Capacitance Megsurement Principle

tube
ube
f fuel is approximately 2.1 times that of air, hence asc¢he fuel fills the are

pacitance increases until it is approximately double'that of the empty va
as:

LC = [(Cmeasured - CE) / (KF - 1] * [(2r €0)/In(RO/RI)]

hods for measuring the capacitance of the probe. These are AC and DG

, especially smaller business jets, some military fighters and some hé
bre the electronics (for'measuring the capacitance is embedded within
ain or data bus signal is returned to the interface unit.

The probe is energized

Yy
the outer tube. A screened feturn, also called ‘High impedance’ or ‘HiZ', is connected to the inn
tZThis arrangement ensures that only the capacitance between the tw

capacitance measurem

an/AC signal, also called ‘low impedance’ or ‘LoZ’, via an unscreeneq

a between the two tubes
ue when fully immersed.

(Ea. 3)

. These are described in
licopters use "smart" or

he terminal block of the

drive wire connected to
er tube making a 3 wire

electrodes is measured

and minimizes the effects of cable and other stray capacitances. Any breaks in the Hi-Z screening leads to a much higher
capacitance reading, and this has caused problems with AC capacitance measurement systems. The return signal is fed
into a virtual earth amplifier where the gain is set by the inverse ratio of probe capacitance to feedback capacitance. The
resultant signal is fed into a demodulator to extract current quadrature signal. Older systems nominally run at around
400 Hz, whereas for systems that operate at higher excitation frequencies (typically to 18 kHz), a higher return signal is
obtained, improving the EMI/EMC performance. By combining the capacitance measurement with knowledge of fuel
permittivity the fuel height may be calculated.

AC capacitance measurement systems have been in service for more than 60 years. The sensors have high reliability,
but historically systems have only shown medium reliability due to wire harness problems. Most older AC performance
issues can now be addressed with extensive BITE capability of the computerized signal acquisition system to assist the

aircraft operator with faul

t determination.

Attention to conductor and screen materials/alloys will also improve reliability.
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b. DC Capacitance Measurement Principle

Each sensor is constructed in a similar manner to that of an AC probe depicted in Figure 1. A small terminal block
containing two diodes is mounted on the probe. These diodes provide half-wave rectification of the signal on the probe.

The probe is energized by an AC signal via a drive wire connected to the outer tube. The resultant return signal is half
wave rectified and the resultant current is directly proportional to the capacitance between the two electrodes. The diode
voltage drop has an effect on the measurement and can be taken into account either by direct measurement or by using a
dual voltage technique to eliminate the effects. On less accurate systems the diode voltage drop is not measured, but is
assumed to be a constant value. The return signal is fed into a virtual earth amplifier and the resultant voltage scaled by
the feedback resistor. By combining the capacitance measurement with knowledge of fuel permittivity the fuel height may
be calculated.

No screened cable is refuired for operation, but in order to meet EMC requirements it may be |[necessary to screen the
drive cables.

DC capacitance system$ have been in service for more than 30 years. The sensor reliability is slightly lower than AC
sensors, due to the addition of the diodes. But the overall system reliability is comparable to that ¢f an AC system.

3.1.1.3  Other Capacitance Measurement Techniques
Due to the period thafl fuel capacitance measurement systems havexbeen in service, vafiations on AC and DC
measurement techniquep have been implemented to address explicit §ystem and performance|issues. It is beyond the
scope of the report to agdress all of these, but so that the reader_istaware to consider the pogsibility, some are noted

below.

AC Profiled: Inner tupe profiled to provide a linear measurement signal proportional to fuel hejght

DC Profiled: Inner tupe profiled to provide a linear measurement signal proportional to fuel height
- Full Height Compengated: Bias capacitor added to set the zero fuel level to zero output signa
- Ratio-metric: Ratio between a fixed capaciter and the fuel height

- "Smart"/"active" propes: the signal_conditioning electronics is located on the probe, and locally generates the
waveform to drive thg probe.

3.1.2  Ultrasonic Gauging

The ultrasonic sensor donsists of a ceramic transducer which resonates in fuel at a high frgquency (of the order of
1 MHz). Directly above the-transduceris-a-single-tube{knrown-as-the—stillwell - within-whieh-the-Reight of a column of fuel
is measured. The tube is topped off with a ventilated end cap. The body of the sensor itself is electrically inactive and, due
to electrostatic requirements should be bonded directly to the tank structure.

The basic principle of ultrasonic gauging technology is to generate an ultrasonic sound wave and measure the time taken
for it to travel from the source, reflect off the fuel surface and return to the source. This is shown in Figure 3.


https://saenorm.com/api/?name=019e057dcf95ce84eb1fb46efe98e5b5

SAE

AIR5691

Page 16 of 63

Fuel Height

T

<
Time between

transmit & receive

From first principles, the

where:
H = height of fuel
T = time between trg
VOS = velocity of so
To date ultrasonic meas
the F-22 and the NH90.
probe, although these c3
3.1.3

Comparison of (

Table 1 gives a compari
in a gauging system.

FIGURE 3 - ULTRASONIC PROBE OPERATION
height of fuel is given by:

H=T*VOS/2

nsmission and receipt of reflection
Lind through the fuel

Irement systems have had very limited application - they are currently in
There are issues with sensitjvity to bubbles in the fuel during outgassin
n be overcome with the development of suitable software algorithms.

apacitance and Ultrasonhic Measurement Techniques

son between AC Capacitance, DC Capacitance and ultrasonics for vario

(Eq. 4)

use on the Boeing 777,
g, and angle of tilt of the

Is parameters of interest
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3.2 Other In-Tank Sensors

To achieve a highly accurate fuel quantity it is also necessary to measure fuel characteristics. De
the system in may be necessary to measure:

a. Permittivity (for capacitance based systems)
b. Velocity of Sound (for ultrasonic based systems)
c. Density

d. Temperature (depending on the algorithm used, not used on all aircraft)

pending on the design of

Different sensors are usgd for the measurement of each of these, although they may be combing
permittivity or velocity of sound, temperature and density should be measured throughout\th
densitometer technology, density can only be measured during refuel operations on the-grour
density and permittivity gr velocity of sound during refuel can be used to establish the relationsh

d into one unit. Typically
e flight, but with certain
d. The measurement of
p between the three fuel

characteristics, and this [relationship can be used in conjunction with permittivity/velocity of soupd measurements during

the flight to calculate a density. In addition, on some aircraft the measured density ‘ahd permittiv
calculated for tanks withl no density/permittivity measuring devices, based on.measured paramg
measuring devices and fan established relationship between the parameter’and temperature (i
measured in both tanks)

Other measurements within the tank may include the use of point levelsensors (wet/dry determin
within the tank). These may be based on a short capacitance probe, but may be based on oth
thermistors, optics or ultjasonics. These are not discussed furthefiat this revision of this documern
a later revision.
3.3 Dielectric Constanf (Permittivity) Measurement

Dielectric constant, als¢ called permittivity, can(vary from fuel sample to fuel sample, an
temperature, pressure, contamination of the fuel, fuel additives, etc.

Permittivity of a substan
permittivity reduces the
increasing the permittivit

be is the characteristic that describes how it affects any electric field with
presence of an. electric field. For example, the capacitance of a capac
of the diele¢ttic material.

The permittivity of air is |described by the constant e, which comes from Coulomb’s Law, and is
derived value relating the force(between two point charges, where it is defined as:

ty or velocity of sound is
bters in a tank with such
eeds temperature to be

ation at pre-set locations
er technologies such as
t, but may be included in

J is also influenced by

in the substance. A high
tor can be increased by

basically an empirically

T
Force e« ———
4re dist

0,0,
where:
Q1, Q; are the two point charges, and dist is the distance between them
Since capacitance is a measure of storage of this charge, the relationship
Cwith material between plates = er x Cair

where:

C = capacitance and ¢, is the permittivity of the material

(Eq. 5)

(Eq. 6)


https://saenorm.com/api/?name=019e057dcf95ce84eb1fb46efe98e5b5

SAE AIR5691 Page 20 of 63

Relative permittivity, €, (often referred to as just permittivity or dielectric or K), is the ratio between this force in vacuum
(approx the same as air), and this force in the material.

g, for water is typically 80 at 20 °C

g, for aviation fuel (Jet A) is typically about 2.1 at 30 °C
g, for air is typically about 1.00005364

g forice is typically 2.85 at -5 °C

K= ¢er = gs/ €o, where ¢s is the static permittivity of the material (Eq. 7)

This can also be defined as ¢, = C, / C,, where these are capacitance measurements with an air dielectric (C,) and then
with the material in question (Cy).

The dielectric constant, K, is a measure of the extent to which a substance concentrates the eleftrostatic flux lines, (also
determines how much gnergy is stored). For time-varying electromagnetic fields, the dielectric|constant of the material
becomes frequency dep¢ndent and is generally referred to as permittivity. It is a physical property of any material which is
caused by the polarization of the material when placed between two electrodes. Thisis"due tp the material becoming
charged in the opposite $ense to the electrodes, in the layers adjacent to the electrodes?and resisting the field.

For example the permittivity of fuel (Jet A) is nominally 2.1 at 30 °C, therefore theé.capacitance measured when the probe
is full is approximately 2.1 times that measured when the probe is empty. This’is derived based on the following graph
shown in Figure 4.

Kvs T all data
*
2-2506
$o .
. . R y = -0.001px + 2.1443
R?=.8488
*
*
*
*
X ‘ o
®,
4 :
& 3
21006 ’ *
¢
%
- - - - 2-05006 - -
-50.0 -40.0 -30.0 -20.0 -10.0 0.0 10.0 20.0 30.0

Temp, C

FIGURE 4 - LINE OF BEST FIT FOR JET A FUEL SAMPLES FROM ARINC 611

The range of variation in permittivity for fuel is usually considered to be approximately 1.99 to 2.3. The chart below is
based on the 114 fuel samples quoted in ARINC 611-1 (data from 1991). Note: Further information on the range of values
for typical jet fuels is available in the CRC Handbook of Aviation Properties and the CRC Word Sampling Programme
Report.
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-50.0 -40.0

In order to achieve a highly accurate fuel quancb) measurement it is necessary to measur

particular fuel in the airg
effectively a capacitor of|

can then be used to calcplate the permitti

For a concentric tube co

Permittivity Vs Temperature

-30.0 -20.0 -10.0@ 0.0 10.0
Tempera.tt@ egC

FIGURE 5- JET A PERMITWi Y SPREAD FOR FUEL SAMPLES

known, highly acc dry value. Measurement of the fully immersed, \

raft. This can be achieved either by the use of a dedicated "k-cell" or
st;he surrounding fuel using the equation:

nstruction: Q.®

20.0 30.0

e the permittivity of the
"compensator" which is
vetted capacitance value

é Cc.-C
?{(/ K, —1=—-—"Lxconst
%) Ly (Eq. 8)
where:
R
ln( %1)
const = ————=
2re, (Eq. 9)
where:

Cr = Full capacitance (i.e., when compensator is fully immersed)

Ce = Empty capacitance

L = Length of comp

ensator
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A similar equation applies to a parallel plate arrangement within a k-cell. The preferred option is to use a capacitor with
multiple parallel or concentric electrodes in order to have an empty capacitance of the order of 40 to 100 pf, thus
providing good resolution and accuracy in determination of the permittivity value. If a short probe is used, the capacitance
value is typically too small to give good resolution, but can be used if no other source is available. The k-cell must be
mounted low in the tank, near the sump, and have a low profile to ensure that it is totally immersed for as long as
possible. It should be noted that this possibly causes problems with stratification, where the fuel close to the wing skin
may be much colder than the bulk of the fuel in the tank and hence may induce errors in the permittivity measurement.

If permittivity is not measured, and a default (usually 2.1, which the data shows is the extrapolated value at 30 °C - see
Figure 5) is used, errors of up to 3.3% (2 sigma level) of permittivity can occur. This error can be reduced to 1.3%
(2 sigma level) if temperature is measured and default permittivity corrected by -0.00149/°C for each °C that the
measured temperature varies from 30 °C. (i.e., actual permittivity = 2.1 * (measured temperature - 30) * -0.00149). Note
that default permittivity is usually only used under multiple failure conditions in modern large commercial aircraft, but in
smaller aircraft, and older aircraft with less accurate gauging systems then this is very often,uged as permittivity is not
measured.

3.3.1  Impact of Inerting

For aircraft with inerting systems, the ullage space is no longer filled with air, but is filled with a nitrogen enriched
atmosphere. This has minimal impact on the discussion of permittivity, since\the permittivity [of pure nitrogen is very
similar to that of air - thg relative permittivity for air is 1.0005364, whereas nitrogen is 1.000054Y4. Potentially this would
lead to a 0.001% differerjce in capacitance readings for empty probes.

3.4 Velocity of Sound Petermination
Velocity of Sound through a medium varies as a function of.temperature and density of theg medium and the exact
chemical structure of thé medium. This means that the velagity of sound can vary from fuel sample to fuel sample, as

shown in Figure 6. Note Further information on the range of,values for typical jet fuels is available in the CRC Handbook.
of Aviation Properties and the CRC Word Sampling Programme Report.

VOS vs Temperature

*
;k ° 1600 -

VOS, m/Sec

y =-4.6116x + 1405.5

-50.0 -40.0 -30.0 -20.0 -10.0 0.0 10.0 20.0 30.0

Temperature, Deg C

FIGURE 6 - VELOCITY OF SOUND VARIATION FROM ARINC 611 DATA
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In order to accurately determine height of fuel from the time measured, velocity of sound must be measured. The easiest
way to measure this is to have an intrusion at a known height above the transducer and measure the time of flight for a
transmitted signal to be reflected back to the transducer from this intrusion. This is shown in Figure 7.

Hfixed
T

From first principles:

where:
VOS = Velocity of S¢
H = Height of intrusic
T = Time between tr.

If a default velocity of s
sound can occur over th
This is based on assum
611-1. In a similar way t
measured temperature 0
that default velocity of so

1

FIGURE 7 - VELOCITY OF SOUND MEASUREMENT

VOS =2*H|T,

und
n
hnsmission and received reflection

und is used instead of a measured value, an error of up to 15.9% (2 s
b temperaturesrange -54 to +55 °C, leading to a similar error in probe he
ing a default speed of sound of 1267.1 m/s (value at 30 °C), and the
b permittivity, this error can be reduced if the default value has temperat
f the fuel. Using a factor of -4.6116 m/s/°C, would give errors of up to 1.
und\would only be used under multiple failure conditions.

(Eq. 10)

igma level) in velocity of
ights and hence volume.
information from ARINC
ire correction applied for
7% (2 sigma level). Note

3.5

Density Measurement

In order to determine final mass of fuel accurately it is necessary to determine the density of the fuel. This can be done in
one of several ways (or combinations of these):

a. Use a default value

b. Derive a value from permittivity

C.

d. Direct Measurement

Derive a value from Velocity of Sound
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3.5.1 Default Value

A value of 810 kg/m® (6.76 Ib/gal) is recommended for Jet A and Jet A-1, and a normal range of 775 kg/m® (6.47 Ib/gal) to
840 kg/m® (7.01 Ib/gal).

NOTE: 1 Ib/gal = 119.82642681 kg/m®
Using default density with no temperature correction, variation in density due to temperature can lead to up to a 4.6%

error (2 sigma level) in density and hence mass, based on the information from ARINC 611-1. It should be noted that this
error is offset by an opposing error in permittivity, and hence probe capacitance and, therefore, the overall mass error

would be in the order of 3%.

If the temperature of the fuel is measured the default density can be corrected for actual fuel temperature.

Note that for modern larg
smaller aircraft, or older
do not include a means f
Again this error is offset
3.5.2 Density Calculat

Once permittivity has bd
density using the followin

where:

e commercial aircraft default density would only be used under multiple
pr measuring density.

by the permittivity error, giving an overall mass error of around 2%.

ed From Permittivity

en determined by measurement using a K-cell’er compensator, this @
g Clausius-Mosatti equation:

_ Kal
CaAb(K-1)

K is the measured permittivity value

a and b are values w

The values of a and b
information on the range
CRC Word Sampling Prd

hich can be fixed'or-measured depending on system implementation

vary considérably between different fuel samples, as can be seen in
of values for typical jet fuels is available in the CRC Handbook. Of Av
grammie-report.

failure conditions, but for

pircraft, with less accurate gauging systems a default density is commonly used as these aircraft

an be used to calculate

(Eq. 11)

Figure 8. Note: Further
iation properties and the

sing a default a and b.

This method can give erors of up to 1.07% at the 2-sigma level using line of best fit from graph, u
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1.45

1.44 |

1.43

1.42

(K-1)ID

1.41 1

y = 0.3555x + 1.0047

FIQ

Accuracy can be improv

value (defining the othen as a constant). The permittivity-should be measured as close as poss
and in the same fuel layer where possible, in ordef:to ensure the temperature of the fuel is
measured by the densitpmeter and that in which the permittivity is measured. The permittivity s
can be combined into onje unit, and placed in/near the refuel gallery such that the new fuel bein
This ensures that the characteristics of the néw fuel are always measured, even if there is not ho
and new fuel. An algorit

new fuels.

This method assumes th
given in ARINC 611 shq

samples which are not li

effect on fuel quantity mg

1.1500 162000 1.2500

K-1

URE 8 - DENSITY VERSUS PERMITTIVITY BASED ON ARINC 611 DA

d by measuring both permittivity*apd density and using this information

hm can then be used to calculate the correct permittivity and density fg

at the a-value is temperature invariant and will remain the same for a pa
ws that\s not always the case, so errors of up to 0.09% can be seen
near»-This is minimal when compared with the overall system accuracy ¢
asurement.

1.3000

TA

o derive either the a or b
ible to the densitometer,
consistent between that
tensor and densitometer
g loaded fills the device.
mogeneous mixing of old
r the mixture of old and

rticular sample. The data
, due to variation in fuel
f 1%, and has negligible

3.5.3 Density Calculated From Velocity of Sound

Once velocity of sound has been determined this can be used to calculate density, using either a simple linear equation
given below, or a more accurate equation also involving a temperature correction:

D = ¢ * velocity of sound + f

(Eq. 12)

Where from Figure 9, based on the ARINC 611-1 data c could be 0.1644 kg/m2/s and f could be 579.31 kg/ms'

Similar to the values for a and b in the relationship between permittivity and density, the values of ¢ and f vary
considerably between different fuel samples, as can be seen in Figure 9. In order to ensure an accurate value for density
it is preferable to measure density during refueling using a densitometer (see 3.5.4) and use this value and the measured
value of velocity of sound to fix a value for f or ¢ (making the other a pre-defined constant).
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VOS VS Density

880.00

*
860.00 L2 2d *
*0 *

840.00 -

y =0.1644x + 579.31
820.00 -

D, Kg/m3

800.00

780.00 -

760.00 . . . . . ; . . .
1200 12%$0 1300 1350 1400 1450 1500 1550 1600 1650 1700
VOS, m/Sec

FIGURE 9|- FUEL DENSITY VERSUS VELOCHLY OF SOUND BASED ON ARINC|611 DATA
The velocity of sound should be measured using fixed calibration points as close as possible to the densitometer, and in
the same fuel layer where possible, in order to ensure.the temperature of the fuel is consistent between that measured by
the densitometer and thdt in which the sound velocity is measured.

If the fuel type is not fix¢d, this method canp give density errors of up to 1.94% (2 sigma level), pssuming nominal ¢ and
fuel type values from abgve.

With the fuel type measuyred at refuel/the errors drop to around 0.37% (2 sigma level).

3.5.4 Densitometer Dgnsity

There are several methods-of measuring density directly. Many devices use a magneto-strictive method, where a plate or
cylinder is vibrated via a signal from a "maintaining amplifier". As the density changes, the resonant frequency of the
vibration changes, and this can be used to determine density. These devices work well on the ground, but can stop
vibrating, or give misleading readings during take-off and climb as bubbles generated during out-gassing can cling to the
vibrating element and cause the vibration to slow or stop. For this reason it is preferable to use this device to only
measure density on the ground, and, as discussed in previous sections, derive the relationship between density and
permittivity or velocity of sound in order to calculate density during flight. Note that the relationship between temperature
and density can also be established, and this is another option for deriving density during flight.

Most vibrating element densitometers give a density measurement with 0.3 to 0.4% accuracy.

Other commonly used devices are using float type measurement principle (Archimedes principle), they are simple and
reliable. This type of sensor can be used during all phases of the flight as it is not affected by bubbles. The accuracy of
the float type density sensor is in the range of 0.2%.
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3.5.5 Temperature Measurement

Temperature is usually measured by means of a "Platinum Resistance Thermometer" or PRT, either within the fuel tank
or held within a sleeve penetrating the spar. These devices are available in standard resistance versus temperature
relationships. Two wire, three wire, or four wire measurement techniques can be used depending on the accuracy
required. Two wire measurement is the least accurate, since the harness resistance will impact the measurement. Three
wire techniques partly eliminate the harness resistance, and four wire techniques totally eliminate effects of harness
resistance and maximize the accuracy of the measurement.

Temperature measurement is not used in the determination of fuel quantity on all aircraft, but, as noted in the preceding
paragraphs, on some aircraft it is used in the calculation of permittivity and density.

3.5.6 Effect of Synthetic Fuels on Permittivity and Density

Synthetic fuels such as |[HEFA, approved under ASTM D7566, exhibit a slightly different relatig
(and velocity of sound @nd D). These fuels are used in a 50/50 blend with standard pefroley

nship between K and D
m Jet-A or Jet-A1, thus

ensuring both permittivit
needs to be given to th
diagnosis.

4. SYSTEM DESIGN G

41 General

The Fuel Quantity Meag
needed in a manner whi
document. This initial dis

Ideally the FQIS should
fuel types, within the app
fuel in each tank and it
14 CFR/CS 25.959. A
remaining for any fuel,
would need to be made.

The intent of 4.2 is to idq
be dealt with. The accu
contaminants and those

y and density are within the normal range for Jet-A/Jet-A1 periASTM [
e effects on a-value if the system is to make use of a-value”in densi

ONSIDERATIONS

Ch will not impact tank safety. The contribution of the FQIS to tank safety
cussion will consider measurement of fuel quantity.

present an accurate and reliable indication of the useable fuel mass re
roved aircraft operating envelope, and at all times. The FQIS must indic
ust read ‘zero’ during levél flight when the fuel quantity reaches the unu

sr]:a minimum the FQIS ;should present an accurate and reliable indicati

nder any conditionstat‘the critical phase in the flight - the point at wh

ntify the signijficant influences and to provide guidance as to their magni
Facies stated within this section are considered to be achievable in th
additives.deliberately introduced to alleviate problems arising from mig

prevent the build-up of ¢
system, consideration s

lectréstatic charge, or to provide anti-icing protection, etc. In assessing

D1655, but consideration
y calculation, or in fault

urement system must provide a measure‘of fuel quantity, and must npake any measurements

is discussed later in this

aining for the approved
te the quantity of usable
sable fuel determined by
bn of useable fuel mass
ich a diversion decision

tude and how these may
e presence of expected
robial growth activity, to
the accuracy of a given
d temperature gradients

ould also be given to temperature gradients of the fuel in the tank, arn
due to loading of fuel at signifi i ining |

The FQIS should operate without anomalies or faults for long periods of time. System reliability and integrity should
provide a high degree of confidence. To this end, 4.3, 4.4, and 4.5 discuss various system architectures and techniques
which can be employed to provide fault detection and functional redundancy and high integrity. Reliability goals are also
discussed.

It is intended that BITE (Built-In-Test Equipment) provides a clear, unambiguous presentation of faults to the ground crew,
as much as possible, and appropriate advisories to the flight crew. BITE should clearly indicate system anomalies and
recommend the proper corrective action when necessary. Although ambiguity cannot be completely designed out, the
intent is to make fault detection an important part of the initial design, and not just an add-on.

It should be noted that the requirements for improved accuracy and/or improved integrity and the requirements for
reliability may cause a direct conflict in implementation, in that additional components may be required for improved
accuracy and integrity, leading to a lower overall system reliability.
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4.2  Accuracy Requirements

421 General

Generally there are at least two and often three or four accuracy regions of interest to the operator. Typically these
represent ground refueling and normal flight at which relatively high accuracy (e.g., 1% of total fuel quantity or better) is
desired and one or more "extended" flight attitude regions over which some reduction in accuracy is acceptable.

In cases where the FQIS provides data to other flight critical systems it is necessary to have high integrity data. In these
situations high integrity data takes precedence over highly accurate data. In other situations a lower integrity signal may
be preferable to no indication. The level of integrity required must be derived from an aircraft level hazard analysis. The
technologies described in Section 3 all give a configuration of a system that uses many types of sensors (density,
permittivity, temperature, etc.) to achieve the accuracy desired by the OEM and airlines while also providing the most

economical solution (min

NOTE: Systems should
especially for lar

4.2.2 Operational Acc

The accuracy required

transport aircraft it is cg
achieve better accuracy
against any benefits of ir

For smaller aircraft this |
accuracy on ground and

For some biz-jets and pis

For helicopters (Part 29
useable fuel plus +4% of
unusable fuel in accordz
full level, +4-gal error at
accurately reflects unusg

In no circumstances shd
unusable fuel must not b
fuel quantity calculation
ensure no sudden jump

Imized equipment within the FQIS to reduce system weight, minimized a

provide basic backup gauging at reduced accuracy in order to accommo
je commercial aircraft.

iracy Goals

will depend on the type and size of aircraft. For modérn large comm
mmon to require the ARINC 611-1 specified accuracies shown in Fig
but this would require additional sensors - this\becomes a trade for w
hproved accuracy.

in cruise to be 2.75% or 3% at full (and*may be 1.75% at empty).
ton engine aircraft (Part 23 aircraft) the accuracy requirements may be §

Aircraft), the gauging systémyaccuracy is acceptable when it meets a tolg

the remaining usable fuel at any gauge reading, provided that the gaug
nce with § 29.959 intthe tank. (For a 100-gal tank this formula would a
50-gal level, conyerging to a +2-gal error at low fuel with the further pro
ble fuel.)

uld the FQIS over-read when a tank is near empty. In addition, 14 CFH
e indicated on the gauges. One method of achieving this is to have a s
bt near zero usable fuel quantity, although exact implementation must b
5 in \displayed fuel quantity as the fuel increases or decreases past thg

dditional fuel uplifted).

date a variety of failures,

preial aircraft, or military
ure 10. It is possible to
eight/cost of the system

bvel of accuracy may not be required, and it is common for 737 sized and smaller aircraft for the

s low as 5% at full.

rance of +2% of the total
e indicates zero fuel with
low a £6-gal error at the
vision that the zero mark

R/CS 25.1337 states that
light negative bias in the
e considered carefully to
e point at which the bias

starts to operate.

Some airlines believe that the ARINC 611-1 figures are not stringent enough for large aircraft and would like even better
accuracy, although justification for increased accuracy is vague.

Increased accuracy is perceived as giving benefits in terms of reduced reserve fuel, but this may not justified by airline
fuel needed calculations. Feedback from various airlines has suggested that the desire for increased accuracy is driven
by the perception that increased accuracy equates to a more reliable fuel quantity system. This discussion has more merit
on a large transport category aircraft than a small aircraft as the needed reserve fuel is significantly higher quantity. Error
for large tanks translates into a much higher uplift of fuel to compensate for the error. For example 1% error on an Airbus
A320/Boeing 737 sized aircraft might only equate to around 200 kg of fuel, but 1% on an Airbus A380 sized aircraft might
equate to around 2.5 tons.
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It should be noted that accuracy of the FQIS in usage with airlines is judged by comparison with the fuel used meters
(flight manuals require the crew to cross-check fuel used with FQI at periodic intervals on large commercial aircraft for
example) and the bowser metering at refuel. Each of these systems also has inaccuracies and the tolerance on the
comparison should allow for the combined error of the systems being compared. Today most bowsers use a volumetric
fuel measurement system, and rely on manual measurement of density (usually only once/day) in order to calculate fuel
mass for comparison with the FQIS produced values of fuel mass. A recent paper from IATA has proposed that the use of
Coriolis meters, or slipstream densitometers to remove errors associated with manual measurement of density.

The more accuracy a system is required to be, the more probes are required to measure the height of fuel (to ensure no
discontinuities at different attitudes). More probes then means that a system may be less available at its standard
accuracy.

(+overread ) | 104 of fyl tanks, Accuracy 0.55%

1.0 T -
bround Only
0.5 +
FIigITt

§ 1 1
5 O | |
x 10 % of Full Tank Contents 100

-0.5 1

-1.0 T —
(- underread

FIGURE 10 - FUEL QUANTITY ACCURACY

4.2.2.1 Reduced Accuracy

Based on ARINC 611, if a single probable fault results in the reduced accuracy of all tank indications, then the resulting
accuracy should not be worse than twice the operational accuracy goal. Under these conditions no fault indication should
be displayed to the flight crew. Note that the impact of a single fault may depend on the architecture of the system - if
each tank is gauged separately, then a single fault will only affect one tank, if multiple tanks are processed through the
same signal conditioning circuitry, then a single failure may cause a reduction in accuracy of all tanks.

4222 Degraded Accuracy
Based on ARINC 611, when a fault condition is detected whereby the accuracy of the total fuel quantity is greater than

two and less than four times the operational accuracy goal, then the system should provide an indication of system
degraded accuracy to the flight deck (usually a "-" masking the lower digits of the display).
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4223

Unknown or "Failed" Accuracy

Based on ARINC 611, when the accuracy degrades beyond four times the operational accuracy goal, then the system
should provide a warning of this unknown accuracy to the flight deck which is different than the indication used in the
degraded mode (e.g., blank displays).

4.3  Accuracy Analysis

4.3.1 Scope of Accura

and Error Sources

cy Analysis

The goal of this section is to provide a uniform standardized method for analysis of all error sources.

Accuracy analysis should be performed for all areas of interest and for all operational modes. The analysis should include

the error sources descriped in Section 3 as a minimum. All error sources should be properly.e
effect they have on overall system accuracy.

4.3.2 System Errors

System errors can be
discontinuities in gaugin
certain attitudes) and rg
component/installation t
should be treated as bias

A standard method of ¢
the fuel distributed in ac
take into account both th

The accuracy specification is normally applied to individual tank contents, but may be appl

dependent on the desire

NOTE: All accuracy data is normally expressed as a percentage of full tank.

4.3.3 Random and Big

There are two possible ty

j caused by ungaugable level of fuel between the top-ofione probe and
ndom errors (those which are independent of eaCh“other and of the
blerances). Errors which are deterministic functions of predictable ¢
b errors.

bmbining the errors identified should be used. The accuracy analysis s

cordance with the normal fuel management schedule. For each error so
e bias component (if any) and the random component (if any).

] performance of the system.

s Errors

pes or errory 'Random Error and Bias Error. These are defined as:

Random Error:

assumed to

or whiehxcannot be controlled by the measurement process and is 1

kpressed in terms of the

split into bias errors (those always potentially present’under certain conditions, such as

the bottom of another at
system state, such as
nvironmental conditions

hould be performed with
irce, the analysis should

ed to all fuel on board

andom in nature, but is
b its aggregate behavior.
se will typically vary from

mple this can be things like component and instal

lation tolerances. The|

be wi’Ehin a normal distribution.

1 etc. The errors can be

Bias Error: An error which can be controlled by the measurement process and is quantified by its mean value of
deviation from the ‘true’ value of the subject parameter. A typical example is discontinuities in fuel
quantity measurement when the fuel surface lies between the upper sensing point of one probe, and
the lower sensing point of another at a specific attitude and fill point within the tank. These, given
certain conditions, will always be present. For example if the tank modeling includes discontinuities, at
the fuel height/pitch/roll at which that discontinuity occurs, the error associated with that discontinuity

will always be present.
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4.3.4 Methods of Accuracy Analysis

Three methods for overall system performance analysis are described below. The second two methods (from ARINC 611)
provide a very comprehensive analysis, and each has its advantages and disadvantages. The first method is a very
simplistic arithmetic error combination method, and whilst this is often used, it is much less comprehensive than the more
analytical methods.

Analysis of the performance of FQIS, which uses numerous correlation techniques to combine the information derived
from a relatively large number of sensors, can only be done economically by computer modeling and simulation, so the
second two methods are much more appropriate than the first simplistic method.

4.3.4.1 Method 1 - Arithmetic Combination of Errors

Random errors should ke evaluated individually at the two sigma (i.e., two standard deviation$) level. All the identified
random errors should theén be combined using root sum squaring (RSS).

The bias errors should bg combined using a simple algebraic sum of the identified errors.

The RSS value and the sum of the bias errors should then be combined (summed) to determine probability of compliance
with the accuracy goals $tated in 3.2.2.

For example if the follow|ng errors have been identified:
a. Sensor tolerance = (.02% of max tank contents

b. Signal conditioning § 0.01% of max tank contents
c. Tank modeling = 0.3f% of max tank contents

d. Tank deflection = 0.2% of max tank contents

Then a and b can be treated as random errors,giving an RSS value of square root (0.02* + 0.01%) i.e., a value of 0.0224%
and d) would be treated gs bias errors, giving.a:sum of bias errors of 0.5%.

This would give an overdll probable system’error of 0.5224%.
In reality modern systems have far*more than one sensor, so errors from each sensor, and the signal conditioning

associated with that sengor wouldshave to be analyzed to determine its effects on the overall tank quantity measurement,
which is much better dorle using-the following two methods than this simplistic approach.

4342 Method 2 - PatiatBerivative-Method

(Based on ARINC 611)

This method first derives the partial derivative of the total fuel output with respect to each error source. The entire system
should be simulated. At each test case the nominal values of all sensor inputs are re-established and the result (total fuel
indication) is noted. Then each sensor input is varied - one at a time - by a small amount, and the change in output is
noted. This establishes the sensitivity of the output signal to each error source. These sensitivities are then used to
translate the individual mean and random errors into values that represent percent of total fuel. The errors are then
combined by adding the bias errors and root sum squaring (RSS) the random errors.
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4.3.4.3 Method 3 - Monte Carlo Method

(Based on ARINC 611)

In this case and as in Method 2 the entire system should be simulated. The mean and standard deviations for each
random error source are then entered, and random number generators are used to establish random values for each
error source. These randomly chosen errors are imposed on their sensor signals simultaneously, rather than one at a
time. A large number of sets of randomly chosen error values are used, and the resulting total fuel errors are accumulated
in statistical "buckets". The final system accuracy is then obtained by statistical analysis of the accumulated error data,

including the bias errors.

4344

Comparison of Method 2 and Method 3

Method 2 requires consi
of sets of randomly selg]
that all errors are impo
sources are faithfully eva

4.3.5 Error Sources

Table 2 highlights the

a
nature of the random ;;[‘rd bias components of the error, and the source, (airframer or FQIS

magnitude of the error s

Table 3 indicates possib
but which should be con
4.3.6  Error Sources in
The following subsectio
analysis.
4.3.6.1 Tank Manufac
Fuel tank manufacturing
compared to the nomina

tank by tank basis due t
by tank basis due to imp

Herable less processing time, which is its primary advantage. Method, 3
cted error values in order to achieve good statistical confidence. The a
sed simultaneously and any FQIS features that serve to amplifyi-or
luated. Method 3 is the most commonly used method.

in error sources to be considered when doing an)accuracy analysis
ould be supplied.

e error sources which are not necessarily considered directly in any nur
sidered and addressed during the design'of the system.

Accuracy Analysis

ns provide a detailed discussion of error sources which should be ing

furing Tolerances

tolerances result-in a slight variation in the size and shape of each m
design docymentation used to develop the FQIS. Some errors may be
b the machining and fabrication variables. Some errors may be repeatal
brfect tooling dimensions or design modifications that were not included i

It is important that the c3
The analysis should prope

Ieulation of the nominal shape of the tank under various load conditiong

requires a large number
dvantage of Method 3 is

gttenuate individual error

The table indicates the
vendor) from which the

erical accuracy analysis,

luded in FQIS accuracy

anufactured fuel tank as
completely random on a
le (i.e., a bias) on a tank
n the FQIS design.

5 be extremely accurate.

e that displace fuel. Fuel

tank manufacturing tolerances are to be conS|dered If the net volume tolerance in the manufacturing process is too large
to support the desired systems accuracy than it may be appropriate to include a trimmer to calibrate the system once
installed. For example, a single point trimmer may be used to provide a fixed input to the processor to calibrate the
system to the actual full tank volume. A second trimmer can be included to provide a fixed input to the processor to
calibrate the system to zero at empty. If a trimmer is used, the accuracy analysis should continue to take into account the
effects of manufacturing tolerances on the shape of the height-volume curves. On modern systems, trimmers should be
used only as a last resort to meet the accuracy goals contained herein - they are not preferred because they give
additional maintenance burdens for the airlines. Trimmers are standard on older aircraft systems.
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4.3.6.2 Tank Modeling Error

In the typical capacitance systems and ultrasonic systems, the sensors serve to locate the fuel surface at a discrete
number of points in the fuel tank. Digital processing interprets the fuel surface measurement and calculates fuel volume.
Future gauging techniques (e.g., pressure sensing, sensors based on optical technology) may use other methods to
determine fuel surface, but will still need to relate measurement to amount of fuel in the tank. This involves the solution of
a solid geometry problem using stored numerical data that approximates the true geometrical shapes. The solution can
be affected by anything that alters the shape or orientation of the fuel surface.

Aircraft fuel tanks have complex shapes and a considerable amount of internal structure, tubing, and other equipment that
displace fuel. The FQIS design process requires the development of height versus volume relationships. The accuracy of
these height-volume curves depends on the rigor with which all the shape data is described in the "tank study" computer

programs.

A standardized treatmer]
leading to a fluctuation i
and fuel load should not
errors corresponding to
mean and standard de
respectively.

There is a concern of thi
as the normal pitch atti
decision is made to con
modeling errors, with th
conditions at which the "

FQIS manufacturers ha
modeling error were usg

be needed to achieve thé elimination/reduction of more érror sources.

In practice, modern, adv|
ground and flight conditig
4.3.6.3 Implementatio
There are many differer
methods used in highly

describe the tank shape
accuracy of analysis and

t is needed for the deterministic portion of the modeling errors. The wo
N gauging occurring at some unique (and hopefully unlikely) combinatio
be used as the bias component of the modeling error. Rather;.the entir
the whole set of combinations of pitch, roll, deflection and fuel'load sh
viation of the population should then be determined and used as b

5 approach is that the odd error spike could occur-at a unique combinatig
ude at zero roll, with a wing deflection corresponding to the normal
inue the flight or divert. One way of addressifg this concern is to apply

more likely situations heavily weighted. Another possibility is to be ve
hormal cruise accuracy" is desired.

e indicated that there would be a-large penalty in cost, weight and re
d as a bias error. This is because-additional probes and higher specific

anced FQIS provide fuel quantity information to a high degree of accur
ns, with increased errors for transient and more extreme attitude conditi

n of Tank Datum Model in Flight Software

t approaghés which can be used to derive the fuel volume from the
accuraten(1% or better) systems use algorithms which rely on stored t
or give hreight volume curves at different attitudes. For look-up tables, th
the@mount of memory space allocated for storing such tables (i.e., the

rst observed error spike,
nh of pitch, roll, deflection
e population of modeling
buld be determined. The
ias and random errors,

n of pitch, roll, etc., such
payload of fuel where a
weighting factors to the
ry specific in stating the

iability if the worst case
ation components would

hcy for both steady state
DNS.

sensor data. Virtually all
Ables of numeric data to
bre is a tradeoff between
fidelity/granularity of the

tables). Typically tables

re‘stored for a number of pitch and rall angles and number of height s

teps, with extrapolations

made for situations not fitting exactly in to the tables. If tables of numeric data describing the tank shape are used, then
polynomial equations must be used to determine the intersection between the plane of the fuel surface and the tank walls.
This can use significant processor time, and the error will depend on how precisely the tank shape is represented by the
data stored and the equations.

4.3.6.4 Tank Internal Structure Modeling Error

Manufacturing tolerances may result in variation in the size, shape and position of each item which displaces fuel within
the tank (e.g., pipes, pumps, spars, etc.). This can cause discrepancies (non-linearities) in the gauging of the tank. Some
errors may be completely random on a tank by tank basis due to the machining and fabrication variables. In addition they

may be repeatable (i.e., a bias error) on a tank by tank basis due to imperfect tooling dimensions or design modifications
that were not taken into account in the FQIS design.
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It is important that the calculation of all parts of the tank structure and components that displace fuel be extremely
accurate. Allowances must be made for any structure or equipment which intrudes into the tank. This allowance ideally
should be applied only when the item or structure actually impacts on the fuel measurement, but in practice it is often
applied as a general reduction on fuel quantity across the volume of the tank.

Modern engineering tools such as CAD systems allow detailed modeling of the tank and thus reduce the likelihood of
errors associated with tank structure modeling; although tank studies analysis often do not have the fidelity to account for
all structure.

4.3.6.5 Sensor Mounting Tolerances

The tolerances associated with the location of mounting brackets or flange plates (for internal or external mounting
respectively) should be taken into account. The installation practices and procedures should also be considered. The key

aspect is usually the height of the sensor about the bottom of the tank, but it's location in the X-
placement from the vertical can also have an effect on accuracy, depending on the algorith
aspects usually have a lgsser effect.

4.3.6.6 Tank Deflection, Expansion, Twist, Deformation

As the aircraft uses fuel|throughout the flight or as the aircraft is refueled on the{ground the wir
causing a change in the ghape of the fuel tank. This will lead to discrepancies with the nominal d¢
which the tank model was analyzed. Similarly during the flight wing twist wilkvary from the nominz
tank shape. In addition as the wing heats and cools the tanks will expand and contract as the me
expands and contracts, pgain causing a change in tank shape. All of these effects will contribyl
fuel quantity.

It is the responsibility of the airframe manufacturer to supply~the FQIS designer with data cor
Where the amount of deflection is a deterministic function of parameters that are known to the F

plane, and its angle of
m used, although these

g deflection will change,
flection conditions under
| causing changes in the
lal forming the tank walls
te to errors in measured

cerning wing deflection.
DIS processor (e.g., tank

contents or weight-on-wheels) the processor algorithm should provide full or partial compensatjon for deflection. In this

case, however, there may be an error due to the deflection of the actual wing being different than

In addition, deflection m
weight). In this case ther|

y be dependent on some parameters that are not known to the FQIS p|
> would be an error as-a result of the unknown amount of deflection.

The magnitude of the erors may or may_net be normally distributed, depending on the FQIS algo
of combinations of attitugle, tank fill levels and wing deflections, there are usually some combinz
error peaks. Because these combindtions usually represent a very small portion of the total nun
generally accepted that FQIS will\experience these errors infrequently and for rather short durati
the past has been to eithier ignoere the infrequent peak errors or treat them statistically, as if they v

that of the nominal wing.

rocessor (E.G., zero fuel

rithm. Over the full range
tions with relatively high
ber of permutations it is
bns. Common practice in
ere random in nature.

4.3.6.7  Calculation Algarithms

During the various stages of calculation from initial scaling of the input data to final calculation of the fuel mass, errors due
to rounding and truncation of the data may occur. There will be a tradeoff between data resolution and storage/processing
resources. Any rounding or truncation should be compatible with the overall accuracy requirements.

4.3.6.8 Sensor Manufacturing, Mechanical

Sensor hardware tolerances should be accounted for. In capacitance systems this includes errors in empty capacitance
and active capacitance and effects of thermal expansion/contraction of the tubing. In ultrasonic systems this may include
variation in positioning of intrusions for velocity of sound measurement and variations in length of stillwell (end cap

variation). The tolerances used in the analysis should include any effects of time and/or prolonged immersion in the fuel
tank environment.
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4.3.6.9 Measurement

Linearity

This addresses any errors introduced by non-linearities in the measurement sensor not compensated for by the
software/signal processing. For example with a capacitance sensor, non-linearities may occur where there are supporting
crosspieces, or around the terminal block.

4.3.6.10 Sensor Mounted Electronic Circuits and Components

Where components are used (i.e., Diodes in DC systems) all appropriate parameters should be taken into account, if
these are not compensated for in the software or signal processing.

4.3.6.11

Sensor Environment

Any errors introduced b
pressure, but any other ¢

4.3.6.12 Probe Implem

Errors caused by the wg
detection on the returnin
errors due to fringing eff
so that they can be cons

4.3.6.13 Signal Conditi
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distortion and frequency
generally to the points W
timing errors and variatio

4.3.6.14 Effects of Disp

Any digital display or ar
displayed value due to e

4.3.7 Error Sources in
The following subsection

4.3.71 Fuel Surface S

y variation of the environment around the sensor. This is mainly char
ffects not accounted for in other specific error contribution should be con

bntation
y the probe has been implemented. For example with an ultrasonic sys

g signal will cause an error of one or more wavelengths®. For a capacitg
bets at the top and bottom of the probes. Attention t¢ design will minimiz

bning

shift of the excitation voltage. It alsoincludes the shift in gains and offs
here the sensor data is convertedto digital format in ultrasonic systems
ns in drive frequency.

lay Resolution and Rounding

y encoding of the data onto a digital data bus such as ARINC 429 m
ther rounding or truncation of the data.

System Design
s provide:a detailed discussion of potential error sources to be considerg

hape and Formation

dered negligible when compared to the larger errorsources in the system.

ges in temperature and
sidered.

tem the use of threshold
nce system there will be
e these sources of error,

5 includes the effects of
bts in all circuit modules,
it includes the effects of

by cause an error in the

d in design of FQIS.

Both capacitance and ultrasonic fuel measurement techniques use sensors to measure the height of the fuel surface at
various points throughout the tank. From these measurements a volume is computed assuming a flat, steady fuel surface.
Under various maneuvering and acceleration conditions the fuel surface may not be flat, or may not be steady. If sensors
are measured in sequence, the fuel surface may move between measurement of one sensor and the next. All of these
effects may contribute to the error in fuel quantity

Generally, the most common source of error in fuel surface location is caused by variation in aircraft attitude. Aircraft
attitude varies on the ground due to the slope of the tarmac and variations in tire and oleo pressure. In flight the attitude is
commonly referred to as "effective attitude" as it reflects the acceleration vectors as well as the orientation of the aircraft.
FQIS algorithms are usually designed to produce high accuracy at the normal cruise attitudes with some allowable
degradation at extreme attitudes.
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4.3.7.2 Anomalous Fuel Distribution

This is a temporary condition, caused by pumping fuel from one tank to another, or by sudden maneuvers.

The "normal fuel management schedule" should be treated as a single range of possible fuel distributions to allow for the
fact that temperature and density effects may result in some variation to the relative tank volumetric distributions. Studies
at each fuel load should include the range of volumetric contents for each tank that can realistically occur at that total
load.

It should be noted that large, sharp modeling error peaks can occur under certain conditions of attitude and deflection of
narrow regions of tank fill level. The analysis should not dismiss the possibility that several such peaks could occur

simultaneously.

For example, assume tHe fuel management schedule is such that all four tanks of a four engir

utilized evenly. At 50% fi
the outboard tanks expsg
experience a peak posit|
these errors can occur
peaks will cancel.

4.3.7.3

All known fuel gauging téchnologies suffer errors when the fuel in the tank’is not a homogenous

typically on the ground 4
heat transfer to the wing

The FQIS accuracy an
amounts of stratification

to mix or circulate the fugl.

4.3.7.4 Fuel Type Var
The accuracy analysis
paragraphs, the relations
can vary from fuel samp
proximity to each other (
after each refuel, unless

4.3.7.5 Fuel Density C

Fuel Tempera{ure Stratification

el capacity the normal fuel management schedule should model each tz
rienced a sharp peak positive modeling error in the 48 to 50% fill‘regiq
ve modeling error in the 50 to 52% region. The analysis should not ru
simultaneously. Nor should the analysis assume that the ¢woe simulta

5 new fuel is introduced into the tank (particularly when baffles restrict m
skins. Both horizontal and vertical stratification patterns should be consig

blysis should show the effect of specific amounts and patterns of sf
should be determined by analysiscef the fuel system, taking into accoun

ation

should take into a¢count the approved fuel types and properties.
hip between density/and permittivity (and, in some cases, temperature
e to fuel sample. 1f‘all characteristics are not measured simultaneously,
.e., so that the:same fuel is measured by all sensors), then some level ¢
these charatteristics are measured throughout the flight.

haratteristic Variations

e aircraft were normally
nk as 50% full. Suppose
n and the inboard tanks
e out the possibility that
heous but opposite sign

mix. Stratification occurs
ixing) and in flight due to
ered.

ratification. The specific
t any features that serve

As discussed in earlier
for a particular fuel type
and within close physical
f error will be introduced

Errors can be caused b

th-by the positioning-of the densitometerwithin-the tank-and-by inferenc

e of density from another

characteristic.

Any densitometer in a tank is usually positioned near the bottom of the tank to ensure immersion for the maximum period
of time. Due to stratification effects, this often means that the fuel surrounding the densitometer is much colder than the
bulk of the fuel in the tank, leading to errors due to this temperature variation.

In addition many systems derive a density value from another fuel characteristic such as permittivity or velocity of sound.
The relationship between these characteristics can vary from fuel sample to fuel sample, and changes with temperature.
If this variation is not accounted for, this is a further source of error.

4.3.7.6 Effects of Fuel Additives and Contaminants

The accuracy analysis should take into account the approved fuel additives and common contaminants. The analysis

should consider combinations of additives at the approved concentrations for the aircraft approved fuel types. Refer to the
common fuel contaminants listed in ARP8615 or ARP4246.


https://saenorm.com/api/?name=019e057dcf95ce84eb1fb46efe98e5b5

SAE AIR5691 Page 43 of 63

4.3.7.7 Fault Mode Analysis for Accuracy Impacts

The FQIS should be designed based on the certification considerations outlined in ARP4754 and the safety assessment
criteria of ARP4761. Failure of sensors, or signal conditioning should be considered for their impacts on accuracy, and
this should be taken in to account in the identification of degraded or unknown accuracy. If the effects are dependent on
the combination of failure and fuel level within the tank, then accuracy mode should be designated by the most
pessimistic circumstance - for example if a combination of probe failure means that the accuracy is worse than 2x
specification when the fuel tank is less than 50% full, then consideration should be given to indicating degraded accuracy
continuously.

4.3.7.8 Water Contamination

Water can cause errors both when in suspension and when it separates from the fuel and pools around equipment within

the tank. The in-tank eqlipment should be designed to maximize water shedding capabllities a

tank and gauging syste
other equipment such
systems can cause prob

In operation a number o
water from the bottom of
be considered when loc3
4.3.7.9 Effects of Airc

Any errors due to cal
wiring/connector resistar

4.3.7.10 Microbial Grov

Error analysis should cg
exposed surfaces of sen
can change the permittiv|
4.3.7.11 Fuel Variation

The error analysis shoul
practice, at least tanks fg

Variation of fuel betwee
refueled completely with

installation should ensure that water does not become trapped atthe

’fs densitometers and compensators. Water collecting at the base o

s to fail range checks, and can cause large large positive errors'(over-rq
aircraft use scavenge system to recover the last remnantsof fuel in th
the tank. This means that locally there can be fluctuatiens in water cong
ting tank hardware.

aft Wiring

ling must be accounted for. These could be caused by variation
ce or other factors.

th

nsider the possibility that a-thin film of biological growth may coat the
sors. Contamination can ¢ause high conductivity paths between the ele
ty of the medium between the electrodes, thus causing potential over-re

Across Aircraft Tanks

i take into aceount that the fuel in every tank may not have exactly the
eding an engine will have their own complete set of sensors on most air

n tanks will depend on fuel usage and refueling philosophy. Some t
fresh fuel, whereas others may contain a mixture of old and new fuel, th

hd the design of the fuel
base of probes or within
[ probes in capacitance
ads).

b tank, or to remove free
entration and this should

5 in capacitive loading,

entire tank, including all
ctrodes of the sensors. It
hds or probe failures.

same characteristics. In
raft.

bnks may end up being
us there will be variation

in characteristics. If den

ity-and-permittivity/velocity of sound-sensors—are-provided-in-every tan

then this will not cause

an error. If density is measured in some tanks, or in the refuel gallery as the aircraft is refueled, then some error will be
introduced unless the effects of mixing old and new fuel are taken into account.

4.3.7.12 Accuracy Verification

Testing the FQIS accuracy may cause the tester to identify errors in fuel measurement which are actually due to the
method of test and/or tolerance of the test equipment. Test results should be analyzed carefully to ensure that errors due
to method of test do not cause the FQIS to be modified, or accuracy problems to be identified. In general, the test
equipment must have much less error than the system being measured. In practice flow meters are used to check fuel
quantity during verification testing.
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4.4 System Architectures
441 General Architecture Considerations

Three main system requirements, availability (reliability), safety and integrity normally drive system architecture design.
System architecture design can contribute to the amount a specific failure condition impacts the systems’ ability to
perform its function.

It is important as part of the requirements definition and analysis task to consider the most appropriate architecture for the
system and for the aircraft. This should be a balance between the level of integrity required and the cost of the system.
Often a simplex system is adequate, especially if high integrity is not required to address safety issues. This should be
considered in conjunction with the hazards identified as part of the aircraft level hazard analysis and a preliminary system
safety assessment.

Where high integrity or dispatchability is not of paramount importance, a simplex design can’be used. In such cases, the
reliability of the system becomes a key characteristic. Therefore to increase the availabilityof this system, the reliability
will need to be improved| The Simplex System in Figure 11 represents the simplest FQIS “architecture. Each component

of the system is singular by design.
Sensor Simplex System
input System output

FIGURE 11 - SIMPLEX SYSTEM

As there is only a finite pmount that reliability can be improved, a technique called redundancy| can be used to provide
multiple implementation pf a function. A redundant Simplex System is depicted in Figure 12.

Sensor  \ Simplex System
input /| System output

Sensor  \ Simplex

input System
—

V

FIGURE 12 - REDUNDANT SIMPLEX SYSTEM

It is a design technique based on the assumption that a given set of faults with the same system effect will not occur
simultaneously in two or more independent elements.

More typically the two simplex systems are integrated into one system giving redundancy only in the areas where the
reliability cannot be improved. This system is known as a backup parallel design, that is, channel B is only required to
operate after channel A fails is shown in Figure 13.
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Sensor '\ Input
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—I’\
Channel System
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FIGURE 13 - PARALLEL SYSTEM

e required to provide a fail-safe design protection\from catastrophic fai
hted with "Essential" or "Critical" classification.«This classification is no

Ise the complete loss of the aircraft if it fails. A typical example of this i
conditions, could cause the inability to ‘provide fuel to more than tw
ircraft level hazard by having a failuressuch that there was a large
ion. One solution to this situation will\be to use a redundant system, w
the secondary backup is manual. . These methods of redundancy do ng

ure conditions and meet
mally given to a system
5 in an aircraft where the
b engines. Fuel gauging
bositive error, leading to
here the primary transfer
t improve the availability

but provide a manual backup, ta"meet the safety requirements. An giternative to the manual
ovide a redundant automatic;"system, improving automatic availabil
ystem provides is dissimilarity as shown in Figure 14.

ty as well. One of the

System A
Sensor input Using System
Method A output
;\ System B 4\
Different Sensor o - Svstem
A USImg 7
mput Method B output

FIGURE 14 - DISSIMILAR FQIS SYSTEM

Architecture strategy incorporating dissimilarity can be a powerful means of reducing the potential for errors in
requirements or in design implementation to cause serious effects. However a dissimilar design implementation of the
same function cannot provide containment coverage for functional requirement errors unless adequate independence can
be shown. Therefore using an independent parallel dissimilar, multiple channel architecture may provide protection from
both random physical failures and anomalies due to design errors. In practice, this is not done fully since the cost would
be excessive for very little gain, but may be partially implemented - for example using a subset of sensors to calculate fuel
quantity through a dissimilar algorithm and separate processor to cross-check the primary gauging calculation.
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Another architecture, which is used to provide segregation, is a "brickwall" design. This is used if the safety requirements
need segregation between channels. Such a system requires each tank fuel quantity measurement to be segregated.
This can be achieved by physically segregating the gauging systems for each tank, guaranteeing that any failure cannot
impact the performance of any other tank quantity. This was traditionally achieved with separate gauges and now with

integrated systems by separation of the circuits associated with each tank as shown in Figure 15.

In these integrated designs normally the main gauging elements are brickwalled but the totalization is not; therefore, with
a failure in the left tank, the system would stop outputting the total and the failed tank, but still maintain the right tank

output.

With more integration of
common processors wit
isolation to contain or isq

Q Systemeutput ’\
Sensor Left Wi /
ﬁpt/ e ng
System[\
| [ 1 | Totalisation System
| | | output
W\
Sensor . .
input Right Wing

J

System output

FIGURE 15 - "BRICKWALL" FQIS

>

systems and the-use of open Integrated Modular Avionics (IMA) platf
h software partitions. Partitioning, refer to Figure 16, is a design tech
late faults-and to potentially reduce the efforts necessary for the system

brms, systems are using
hique used for providing
verification processes.
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Sensor Partitioned System
input function output
Sensor Partitioned System
input function output

Core Processor

FIGURE 16 - PARTITIONED SYSTEM

The integrity of a systemis all about how believable the output of the system is. To achieve a believable output an active-
monitor parallel design (fFommand - monitor) is used. This design used a commandprocessor tq compute the fuel mass,

which is then checked, against the monitor processors computed mass.

If the processors disagrde by a certain amount over a defined period of time, the output would bé¢ declared as invalid and

the system output shutdown.

Sensor
input

Input
Madltiplexer

Command

Calculate
Mass

4L

Compare

/\

Verified Mass

o

Calculate
Mass

Monitor

FIGURE 17 - MONITORED ARCHITECTURE

This architecture provides detection of random physical failures and with sufficient independence may detect anomalies

due to design error.

The architecture used in any system will depend on which of the system requirements are the key requirements and most

architectures are a combination of the above basic designs.
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4.4.2 Influence of AC25.981-1C and Composite Aircraft on FQIS Architecture

The new requirements on energy levels and currents which are allowed within the fuel tank (see 4.7) have driven a
change in architecture for fuel systems. This has been also seen as a way to mitigate the impacts of the use of composite
material for commercial airframes, which provide less screening than metallic aircraft. In order to address potential
lightning induced currents and the potential for shorts from other systems and power cables on the aircraft, a solution is to
provide either a "transient suppression unit" (TSU) or a data concentrator with the sensor interface circuitry at the tank
wall. Either of these units ensures that only intrinsically safe signals enter the fuel tank, by providing current and energy
limitation directly at the tank wall against any defined threats.

A TSU provides basic protection to intrinsically safety signals being generated by a central FQIS located in an avionics
rack elsewhere on the aircraft. The basic system architecture is:

Tank
Original FQIS in Avionics
< TSU > Rack
dignal Analogue signals
qignais, to/from in-tank sensors
tI/from in-
tank
Sensors

FIGUREA8:* ARCHITECTURE INCLUDING TSUS
This type of architecture |is very often used when additional protection is needed within already eXisting systems.
A tank wall data concenfrator provides the drive and signal conditioning for all in-tank sensors. It{then transmits this data,

usually in a digital form tp a fuel’gauging or fuel management computer located elsewhere. This gomputer could be part of
an IMA system. The basic architécture is like this:
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Tank
Fuel Gauging/Fuel
<,|: Data </‘ Management Computer in
Signals Concentrator \f)igital signals Avionics Rack or
to/from in- to/from in-tank Integrated Modular
sensors Avionics Unit
tank
SEensors

443 System Power S

FIGURE 19 - ARCHITECTURE INCLUDING DATA CONCENTRATORS

upply

Within the system design, provisions should be made to refuel an ajrcraft on battery power alone

degraded accuracy wou
operate from the aircraft

d be acceptable, although not desirable. {t is recommended that the FQ
DC power bus, so that it can be directly,powered on the aircraft battery

the FQI system will be ppwered from ground power, or from the*main aircraft power system.

It should be noted that d
4.4.4 Sensor Isolation

For larger systems, sen
isolate faulty sensors rez
sensor, fuel quantity can

An exception to this is fo
comprehensive BITE mu
addressed separately si
should be bussed at th

iring operation on battery power-equipment cooling air will not be availal

sors should be individually addressable. This promotes maintainability,
dily. It also benefits accuracy, as individual sensor coverage can be ac
be derived from.the remaining sensors.

I low-end}.low accuracy systems where the trade-off between cost and c
st be,made. If the system has only simple analogue electronics, it is not
hcesthe” system cannot perform any more than a very basic BITE test

. Under these conditions
| system be designed to
Under normal operation

le.

so that it is possible to
tounted for. With a failed

bmplexity and benefits of
worth having each probe
In these cases, probes

e (tank wall connector, allowing access to individual probes via groun

d based test equipment

connected at the tank wall connector.

445 Use of Shielded

Cable

AC capacitance systems require the use of shielded cable as an integral part of their operation. This is used to ensure
that the stray capacitances within the harness are well defined and can be minimized. For DC systems and ultrasonic
systems, shielded cable is not required for operation of the system, but should be used for lightning strike and EMI
protection.

Airline consensus is that shielding anomalies in fuel tanks is the major problem in present day AC systems, and therefore
recommends against the use of shielded cable, if possible. Conductor materials should be selected carefully - for example
the use of tin plated wires may result in discontinuities.

With increased lightning and EMI requirements, and increased use of composite in the fabric of an aircraft it may be
necessary to use shielded cable to protect from EMI.
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4.4.6 In-tank Electronics

The use of electronic components inside the tank should be avoided unless it can be shown that there is benefit to the
end user in terms of cost of ownership. Consideration should be given to safety, environmental factors, and the cost of
servicing electronic components in the fuel tank.

447 LRU Adjustments

All LRU adjustments should be internal to the equipment and for shop use only. There should be no external adjustments
to any LRU. It should not be necessary to recalibrate any FQS component upon replacement on the aircraft.

4.4.8 Reliability and Redundancy:

Some current technology gauging systems are perceived by the airlines as both unreliable and ijaccurate. Often the user
is confused whether podr accuracy is a function of the basic design, the system, or the type_of fuel gauged. Accuracy of
the system is often determined by cross-comparison of the measured quantity from theEQIS tp other systems such as
"Fuel Used" meters, the powser meter following refuel or the quantity calculated from dipsticks. This can lead to apparent
discrepancies due to thg tolerances of the different systems. What the user requires iS'a more fependable system (i.e.,
repeatable readings thaf| are "right" every time), but this is often mistakenly interpreted as a mofe accurate system. This
does not alleviate the user from understanding that each measurement system-has its own error,|and so when comparing
them, the user must be gware of the error in each system. The fuel bowser/uses fuel flow and gensity, FQIS uses mass
calculated from volume, tc., and the fuel sticks measure volume.

449 Effect of Faults

Systems should be dedigned so that a single probe failure ddes not cause the gauging to|be lost. This is usually
accomplished by each tgnk having its own independent array of‘sensors.

For larger systems, a d¢gree of redundancy is usually_required, such that any single failure within the system does not
cause the display of FQI[to become degraded or failed(

Where redundancy is uged to satisfy a reliability’ goal, suitable partitioning or separation should be employed. A fault in
any one channel should not propagate intosanother channel and prevent that channel from|performing its intended
functions.

If the sensors are multiglexed between-redundant channels, no single fault, or probably doubld fault of the multiplexing
system should prevent operation of‘more than one channel of the system.

4.5 Fault Diagnosis and Mdiatainability

4.5.1 Built-In Test Equiprment(BHE)

The FQIS BITE should be designed so that it is possible to detect failure of all system LRUs. If a fault occurs in the FQIS,
it should not be recorded in fault memory or set as a confirmed failure unless it persists for a time consistent with a hard
failure (nominally 30 s). In addition BITE limits should be set at levels compatible with equipment design so as to prevent
nuisance failures. Only those failures which require crew action should be reported to the flight crew. The real time
annunciation to the flight crew where appropriate should be cancelled if the BITE subsequently detects that the system is
serviceable. During refueling, where faster dynamic conditions prevail, BITE response times should be reduced. This is to
try to prevent nuisance failures due to too tight a tolerance, or too rapid a confirm time. For example with ultrasonic
probes the confirm time should be of sufficient duration that erroneous readings due to bubbles do not cause failures. For
the safety aspect of the system, the intent is to ensure that some faults/failures are detectable, which means a balance
between recording a fault versus not recording the fault. The detection time should be compatible with the functional
aspects, but the fault may reduce the safety of the design so the preference would be to indicate the fault, rather than
inhibit it.

The BITE facility should be designed in accordance with ARINC Report 604, "Guidance for the Design and Use of Built-In
Test Equipment."
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