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1.

2.

PURPOSE :

This report identifies those sources or causes of error which adversely affect
the accuracy of airborne capacitance-type fuel quantity gauging systems.

SCOPE:

This report is intended to identify the necessary analytical tools to enable
making value judgments for minimizing the various errors typically

encountered in capacitance systems.
error sources,

Thus, in addition to identification of
it describes the basic factors which cause the errors.

Hhen

coupled w
knowledge
and thus,

by both deésign and budgetary considerations.

Since the
made here
affecting

system inaccuracy are discussed and emphasis is given to simplig

clarity,

An overvigw of Capacitive Fuel Gauging opération is provided in

GENERAL REQUIREMENTS:

th appraisals of the relative costs of minimizing the
will furnish a tool with which to optimize gauging |sys
to obtain the optimum overall system within the consty

subject of capacitance accuracy is quite complex, ho :
n to present a fully-comprehensive evaluation of all f
gauging system accuracy. Rather, the_major contributd

omewhat at the expense of completeness.

There are
fnaccuracy

numerous ways in which the contributors to gauging sys
may be classified. . Parameters for such classificatigd

errors, this
tem accuracy,
aints imposed

1ttempt is
ractors

brs to gauging
ity and

the Appendix.

tem
n may be

general (¢.g., temperature-induced errors, geometrical errors, etc.) or

specific
Indeed, t

For the p
error-cau

¢ 1) Er

¢ 11) Er

sy
(it
Civ)

e.g., tank errors,;. tank unit errors, indicator errors
e variety of possible classifications is virtually un]

rpose of this’'report, four broad categories for class]
es are listed:

ors controlled by the airframe manufacturer.

etc.).
imited.

fication of

ors jointly

Iy

ontrolled by the airframe manufacturer aTd gauging

Errors mainly controlled by the gauging system supplier.

system supplier.

DETAILED REQUIREMENTS:

Errors Controlled by the Airframe Manufacturer:

Errors not controlled by the airframe manufacturer or the gauging

Uniike many instruments and

systems which are typically installed in modern aircraft, the fuel quantity
gauging equipment should be considered as a system which is irrevocably

"married" to and which becomes an integral part of the aircraft.

With

respect to the tank units particularly, their locations and geometries are

influenced by the airframe's basic design.

Thus, to optimize the gauging

system, its preliminary design should proceed in parallel with that of the

airframe,
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Fuel Tank Description:

turn,
and the quantity of fuel to be carried in each tank.

An important factor in the design of a typical
fuel gauge system is the definition of the fuel containment which,
is dependent upon the number of tanks, the geometry of each tank,

in

This subject has a significant bearing upon fuel gauge system design.

For, as the nhumber and geometrical complexity of the tanks
d1ff1cu1ty in accurately defining the fuel contents at grou
different flight conditions also increases.
effect on tank geometry due to change in tank shape and att
wlng twist and deflection for those tanks contained within
struc

git? regard to accuracy, the airframe manufacturer's respon
evis
realifstic manner, and in a way that can be simply and accun
interpreted by the gauging supplier. Inaccuracies “in such
ease of interpreting this description, preduce "buil
uging system.

Soie

1l

ypical methods of furnishing this description are as

curate internal dimensioned drawings of the tank, wit
ross-sectional information including d1mens1oned descr
ternal structure and equipment.

—te D T

increase, the
nd and

A further complication is the

ftude caused by
the wing

sthility 1s to

a means of describing the actual tank's physical shape in the most

ately
description, or
t-in" errors in

follows:

h appropriate
iption of

ctions of the tank which are sufficiently "regular" t
scription. This is usually accomplished by computer
printouts, tape or/cards and in the form of x, y,
is desirable that the form of output be suitable for
ih the math model-or computer program of the supplier t
ahd errors.,

— T e >

Combinations of (1) and (2) are used especially in case
thnk cavity is composed of both regular and irregular v

sulbts of actual fill-and-drain measurements performed

alytic geometrical description of the complete tank or of those

o permit such
analysis output

Z lcoordinates.

direct usage
o reduce effort

s where the
olumes.

on scaled-down

or preferably full-sized models of the tank. This is a

n excellent

means to help reduce errors and can be performed in add
forms of tank definition. This method by itself may no
because of large variations in aircraft attitudes and w

ition to other
t be sufficient
ing twist and

deflection affecting fill-and-drain results at various flight

conditions.
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4,1.2 "IN-TANK" Hardware and Wing Deflection: MWhen external dimensions are

4.1.3

4.1.4

provided, as applicable, tank wall thickness is required to be furnished

to permit determination of actual internal volume. Furthermore,
consideration must be given to the presence of internal tank structure and
hardware. Particularly, the dimensions and locations of baffling,
plumbing, surge boxes, pumps, etc. should be specified in order to permit
proper computation of that portion of the tank cavity devoted only to the
fuel. It is pointed out that baffling which causes differential fuel
levels in the tank during various flight conditions may produce a
significant error which shouid be addressed This can cause a significant
error during g ns—because n-providing

any e' , and residualCfuel volumes. This

It is [also pointed out that wing tanks affected by twist and deflection
could |have significant errors. It is_therefore necessary to describe wing
twist [and deflection characteristics both as functions of fuel load and
distripution of gross weight, and off'particular ground condiftions and
flight] regimes of interest. Flight factors affecting wing twist and
deflection can include items such as aircraft speed, altitude, attitude,
weightl distribution and configurations including flaps, air prakes and
janding gear position.

Tank Tlolerances: For capacitive fuel measurements, the dimeﬂsionai

stabillity (manufacturing tolerance) of the tanks is an extremely important
factor] which could(be considered as part of the inaccuracies| that could
result.

Stay-Cut Areds! Another consideration related to tank structure is the

usual |[Timitations placed on the gauging supplier with respect to certain
tank unit>locations. The very marriage of the gauging components to the
airfrqme, and the fact that these gauging elements and the alirframe
structure impose mutual consiraints upon one another, potentially
influence gauging accuracy. Thus, in situations where a particular
lTocation is sought for a tank unit on the basis of achieving ideality of
gauging accuracy, and avoiding interferences and maintaining proper
structural integrity of the airframe, a reasonable compromise location for
the tank unit must be found. By definition, this compromise prejudices
the gauging system accuracy. The airframe manufacturer usually classifies
these unacceptable regions for tank unit locations as "stay-out" areas.
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4.1.5 Pitch and Roll: Probably the most significant ¢ause of fuel gauge errors
and, therefore, the one which has the greatest influence upon the number
and location of tank units, is the airframe manufacturer's specification
of aircraft pitch and roll attitudes under which the gauge is to perform
with particular accuracies.

In the gauge's operation fuel volume is inferred from the length of the

wetted portion(s) along the probe(s).

Practically speaking

, this length

{s determined as a function of the volume of fuel in the tank when the

tank 1

volume and wett

1inea
signa

Start

possi
error

The e}
aircrd
accelg
"gaps'
situat
under

Theref

of prda

s 1n its "normal" attitude.
"ed Tength, genﬁrally Is non-1inear and is us
1

(s) 1f a computerized gauging system is employed.

ng with a particular known function between wetted le
with the tank in normal attitude, if the tank's atti
d, this function will also change. This change can b
when the tank is almost full or almost empty, becaus
nk will probably be partly wetted in the Former case,
tank will be partly uncovered in thelatter case.
appreciable amounts of fuel are perinitted to exist a
ost sensing point or below the lowermost sensing poin

¢

I

This function, which relates fuel
ually

ng the probe(s)

ngth and fuel

tude is
especially
the top of

or the bottom

F, in these

pove the

t, the

nce of fuel volume from the measurement of wetted length will be

surately in error,
bes of course depend on the particular attitudes spec

The magnitudes of these errors for

a given array
filed.

sely, If the range of attitudes 1s restricted, it 1s generally

Te to minimize the number)of probes and yet achieve a

tremes of attitude'requirements are associated with f
ft. High attitudes, such as 60 deg nose-up coupled w
ration while in~this attitude, can easily create a co

in gauging might exist.
fon for fighters.

tceptable

ghter

th aircraft
dition where

Inverted flight poses yet another unique
The desired or "tolerated" fuel quantity reported

these extremes must be addressed early in the design ¢ycle.

ore, in order to minimize gauging errors or to minimize the number
bes-required to achieve particular specified accuracies, the
atrframeo manufacturer must exercise discretion in the establishment of

aircraft attitude versus accuracy requirements,

For example, in wing

tanks the requirement for high accuracy under roll conditions in
combination with twist and deflection should be scrutinized with utmost

care.

4.1.6

Water Contamination:

In order to avold contact and/or partial immersion

of capacitance probes 1n accumulated l1iquid water, fuel tanks should be
designed to allow water accumulation areas to be below the lowest probe

sensing point.

Scavenging systems are employed in some aircraft to ensure

that water 1s drawn out of these low areas and recirculated to the boost
pumps to preclude accumulation of significant quantities of water.
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4.2 Errors Jointly Controlled by the Airframe and Gauging System Manufacturers:

4.2.1

‘Number of Tank Units and Locations:

Because of the mutual influence of

tank unit location and airframe structure upon one another, it is most
advantageous for this function to be carried out cooperatively between the
gauging and airframe manufacturers.

The following steps, or “"rules of thumb", suggest one procedure for
near-optimum probe location in a typical tank. Note, however, that tank
"stay-out" areas must be considered as additional constraints on the
problem.

Establish the maximum admissible error.

Approximate the tank by a simplified geometric shape if
is| not already very regular. Examples of such, simplific
shppe might be prisms, pyramids, or suitable combination
lopated adjacent to one another.

Note the characteristic cross sections which tend to dom
anfl bottom-errors. These are the cross sections where o
simplified geometric shapes borders with another, or whe
Thpse cross-sections are normally«characterized by some
prpperty; i.e., the largest cross: section, or the one wh
wallls become oblique, etc.

Deftermine the required number of probes - Generally, the
bottom-errors are the deciding factors. For example, if
bottom-error is too large when only one probe is used ad

the tank shape
htions of tank
5 of these

Inate the top-
he of the

re it ends.
pxtreme

bre horizontal

top-and
the
ditional

prpbes will be required to satisfy the accuracy requirempnts at the

sppcified attitudes.

Locate the probes - After the number of required probed

their location at the top and bottom cross-sections, tha
simplifiedicross sections, is also generally determined.
differs<appreciably from its approximate geometric shape
regionya corresponding shift of the probes is indicated

1ocated ana]ytica] (computer) determination of the nece
character1zation and the resultant errors are determined.
over the entire flight attitude enve]ope is studied. Ap
attitude-weighted error allocation is considered at this
Furthermore, it is possible to have the computer derive
resulting from incremental movement of the probes from t

locations. The results of such computations are then an
final "optimum" probe locations are selected.

is determined,
t is, the

If the tank
in a certain
at that place.

tentatively

ssary probe
Accuracy

propriate

point.

the errors

heir tentative

alyzed, and
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4,2.2 Installation Considerations: There may be no class of equipment whose

performance can be degraded more drastically by improper installation than
capacitance-type fuel quantity gauging systems. Recognizing this, the
gauging system manufacturer and airframe manufacturer must collaborate
effectively in this area to ensure accurate, trouble-free performance of
the gauging equipment. In an actual installation, the superimposed
effects of humidity, fuel contamination, temperature, altitude, vibration
and shock, fuel sloshing, fuel characteristic variations, external
subsystem usage, etc., all act simultaneously and adversely upon the
gauging system. Many of these influences can be worsened by the frequent
cycling of humidity, temperature, and altitude produced by typical

short re fuel
cleaniiness may be poorly contro]led
In vigw of these potential difficulties, it is not sufficient that

individual gauging components merely satisfy their own particular
specifiications;.it 1s also necessary that they beunade to interact with
one another and with the aircraft to produce an accurate and reliable

gauging system during actual service use.

1. Single-Point Ground - The benefits of :the implementation of
single-point grounding are known to greatly outweigh itg cost. The
sic approach to proper implementation is to have a signal return
1lection point within the indicator associated with each fuel tank,
d to have all signal circuitry connected thereto, each by an
dividual wire, to prevent civrculating ground currents] From this
int, a single wire is brought through a pin in the ingtrument's
nnector and returned to-airframe structure external tg the unit.

e power return Cusually 115 volt, 400 Hz), the case ground and, as
plicable, the Tighting ground, should each have individual egress
om the instrument, ‘and may be returned to the airframg structure in
y convenient acceptable fashion.

D ~HhY —OYT =W O T

By adopting.this approach, all of the signal currents afe confined
wilthin the{gauging system, and none is permitted to take an
uncontrolled path through the airframe, wherein it could be influenced
by spurious external causes. In addition to the precautions already
ngted;-care must be taken in the indicator design to minimize the
capacitance between the input-signal lead and the indicgtor case.
Otherwise, should the case potential be other than thai of the
single-point ground, unwanted signals could be coupled into the system
through this capacitance.

Where electrostatic and electromagnetically-induced coupling of
spurious signals into the gauging system's external wiring is
concerned, the use of single-point grounding along with reasonable
separation (2 to 3 inches minimum) between gauging equipment leads and
external current-carrying conductors is sufficient to ensure
trouble-free performance.
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4.2.2 (Continued):

Extreme care must be taken in maintaining shield continuity of the
shielded conductor employed to transmit the signal from the inner tube
(Hi-2Z) in conventional "AC" fuel gauging systems. The coupling of any
synchronous AC signal on this conductor will introduce a potentially
large error in the reported fuel quantity. This problem is
undoubtedly the most frequent cause for maintenance on AC gauging
systems.

2. DC Gauging System Shielding - The modern DC system transmits a
puflsating unidirectional "DC" current as a signal from The tank to the
signal conditioner. The twisted-triplex signal conductor used in DC
systems is virtually immune to AC pickup in the audioxfrequency
rapge. In some applications, a simple braided shield over these
cohductors is needed to add high-frequency immunmity to the system.

Mufl ti-point grounding of this shield is acceptable and results in a
more reliable system.

3. Sepsor Mounting Tolerances - The tolerances in the locatjon of the
mounting brackets (for internally mounted tank units) or|the flange
plptes (for externally mounted tank units) should be takgn into
account. These errors can be of the order of tank dimengioning
tolerances (see 4.1.3).

4.3 Errors Controlled by the Gauging Egquipment Manufacturer:

4.3.1 Generaftion of Height-Volume @ata: The gauging system manufapturer is
often called upon to generate height-volume data from the tapk geometry
descriptions furnished by the airframe manufacturer. Sometimes, however,
the airframe manufacturer has the capability and desires to Furnish the
heightlvolume data directly to the gauging system manufacturpr, by means
of in-house computer’ studies of the tank geometry for ground| and flight
attitudes, incldding wing twist and deflection if applicable|
For the case~when the tank description is given in terms of scale drawings
with cross<sectional information, it is often necessary to approximate the
curvillinear envelopes of these sect1ons by straightline segmpnts. The
error sHnadueced—by—such—approximations—can—bemadenegHgible' by increasing
the number of segments; however, this is limited by the economics of both

preparing the data and of computer time for their utilization.

When the furnished cross-sectional information is listed in nature (i.e.,

when the sections are given at relatively largely spaced intervals),

the

tank geometry must be further approximated by straightline segments

betwee

n the various sections. This can lead to additional e

rrors.

Frequently, due to schedule requirements, information given the gauging

system manufacturer is preliminary in nature,

and during the

design phase

the airframe manufacturer alters either the envelope or the location of

auxili
design
consid

ary equipment within the tank. Depending upon the sta
at that time, upon the scope of the changes, or upon
erations, the gauging system supplier will elect to re

te of the
economic
submit the new
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4,3.1 (Continued):

4.3.2

information for computer analysis. In this case no additional errors
beyond those already described will result, or adjustment of the initial
computer data to suit the new requirements. In the latter case, it is
possible to introduce additional errors into the height-volume data;
however, experienced gauge designers are well-equipped to handle
situations of this kind, and can operate on the existing data with minimum
accuracy compromise.

Jank Unit Chara gigrtza ion: When the tank locations are established, and
the " a:li 1 (0 en N N 0 ) 0 a.d ga]]on) 'Is
deterdined, another spec1a11y designed computer program can|be utilized to
establish opt1mum characterization of each tank unit inothe|[normal tank
attityde. The computer then simulates the various specified pitch and
roll gttitudes, and, as applicable using twist and deflection, computes
the measuring errors under these conditions on the ‘@ssumption of ideally
charagterized tank units.

At this point the gauge designer reviews theverror data and|evaluates the
relative magnitudes of the errors in the various attitudes and for the
variouys Fuel volumes considered. If it %5 necessary to redyce errors in
certain regions in order to stay withinZspecification limitg, tank unit
Tocations are adjusted or the normal attitude characterization is
comprqgmised s1ightly, and the reviséd data are submitted for
recomgutation. For this reason, It is pointed out that too|stringent
accurdcy requirements for extreme conditions are not desiraljle because of
the adverse effect on accuragy achieved at normal attitudes

In this manner, through sequential exchange of information hetween the
gauge [designer and the.airframe manufacturer, optimum charag¢terization of
the tank units in thelr selected locations is attained.

units [1s made possible. The information which converts height to volume
can bgd contalned in system software in the form of lookup tgbles. If
individual tank units can be addressed at the computer intetface, "common
Tevel'l techniques can be used to further reduce attitude errors in
computierized systems. This enhancement is possible only if ["in tank" and
system WiTing 15 configured to permit access to each tank unit.

In cozputer1zed gauging systems the employment of "linear" grofile on tank
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4.3.3 Component Design: It is generally recognized at this time that tank units

of all-metal construction (as opposed to fiberglass, and other plastic

types) permit achievement of highest accuracy and reliability with minimum
manufacturing costs. As far as accuracy is concerned, the major portions
of the tank unit are the sensing elements themselves. These are typically
two, concentric, cylindrical elements between which the fuel is permitted
to rise or fall, and the measurement of their electrical capacitance is
used to determine the quantity of fuel remaining. Furthermore, for
profiled tank units the inner element has a varying diameter, which in
turn yields a varying capacitance-per-unit-length. In this manner the
characte ation of the tank unit to produce a consta apacitance-change
per unfit of fuel volume change is achieved. For linear tank|[units the
inner jelement has a constant diameter, with the tank profile| being
contaiped in the associated Fuel Quantity Gauging Computers memory. There
are several important factors which affect the capacitance-ppr-unit-
Tengthl, and thus the accuracy of the unit. Among these are [the following:

(1) Tubing Tolerances - In order to achieve the desired cappcitances,
anufacturing tolerances must be placed-on the inside dfiameter of the
duter tube, and on the outside diameter ‘of the inner tupe. Aluminum
ubing can be obtained for the outercbube with an inside diameter
olerance, depending on tube diameter, or as little as {0.0005"
(#£0.013 mm) .

Considering the outside diameter of the inner element, pnd

emembering also that the outside diameter is varied to| accomplish
he necessary characterjzation, various methods are used by different
gauging manufacturers.to produce inner tubes. Spun tubling and nickel
glectroformed tubing(are the most predominant.

pun tubing prodiices elements having high structural strength, well
controlled walH -thicknesses, and typical outside diameter tolerances
af +0.002 t0.07003 in (+0.05 to 0.076 mm). MWhere improved accuracy
ils neededsospun tubing can be obtained at additional cost, with
0.001 in)<+0.025 mm) outside diameter tolerance.

ickel electroformed tubing is manufactured by preparing a machined,

aluminum mandrel with the varying outer diameters required
ele ronta Q R O B dCE e d then
disso]v1ng the mandre] 1eav1ng a nickel tube with the desired
profile. The outside d1ameter tolerance on a tube of this type is
+0.002 in (+0.050 mm). For a linear (constant outside diameter) tube
of this type an outside diameter tolerance of +0.0002 in (+0.005 mm)
can be achieved. This process results in a high-strength, 1ight
weight inner tube.

Linear inner tubes are also made by a "centerless" grinding process
employing thin-walled aluminum or stainless steel tubing. Outside
diameter tolerances, depending on tube diameter and length of as
1ittle as +0.0002 in (+0.005 mm) are possible using this method.
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4,3.3 (Continued):

(2)

(3)

(4)

(5)

(6)

Transitions - Anothef factor influencing tank unit accuracy is the
precision with which inner tube outside diameter transitions take
place, and the Tinear distance over which these transitions occur.

Properly executed spun tubing can be made to yield satisfactory
performance in this area.

Electroformed nickel tubing has the advantage of being able to
accommodate a larger number of largely different diameter

Concentricity - Concentricity between the tubes isQanother factor
nfluencing tank unit accuracy. However, due to.symmetry
gonsiderations, unless the actual eccentricities are extreme (uniform
over the length of the tube), this is not usuatly a significant
gontributor to tank unit inaccuracy.

lead Capacitance - Dead capacitance is<that portion of [the total
measured capacitance of a tank unit which is not influénced by the
presence or absence of fuel. It is“produced by capacitive paths
hetween the inner and outer sensing tubes (and their agsociated
Wiring) caused by the presence of anti-vibration buttons, cross-pins,
terminal-boards, etc. Dead .capacitance itself does no{ detract from
gauging accuracy, since its-effects are adjusted out of the measuring
gystems by means of the system's empty adjustment. However,
ariations of dead capacitance (principally as functions of
lemperature, and entrapped moisture in these paths) can adversely
gffect accuracy. Thus, good design practice dictates the

inimization of dead capacitance in tank unit design on the basis
fhat 1f this factor is initially small, capacitance vatiations caused
iy the aforesaid environments will be negligible.

Jtray Capacitance - Stray capacitance is undesirable and can cause
easurement errors. The whole chain from the tank unit through to
fhe electronic signal conditioner is susceptible. Strdy capacitance
fletweenh the ends of the tank units and tank surfaces, flor instance,
gan’be minimized by the use of end caps. HWiring shield integrity
(especially for conventional AC systems) must be maintained over the
total wire length including connectors (see 4.2.2).

"Reference" Capacitors (K-Cells) - For gauging systems requiring high
accuracy, i1t is customary to furnish reference capacitors (commonly
referred to as compensators) which are normally fully submerged in
the fuel, and which sense the fuel's dielectric properties. Since
there are usually several tank units in a typical tank, there is a
tendency for the manufacturing tolerances of these units to cancel
one another., However, since there-is generally only one reference
capacitor in a given tank, the influence of its tolerances are "felt"
by the system without diminution. Thus, it is important when
specitying compensated (or reference capacitor) systems that the
tolerance on the capacitance of the reference capacitor be closely
controlied.

27
BN A
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4.3.3 (Continued):
Methods to eliminate the need for reference capacitors have been
developed by the gauging industry. Among these are "full- height" and
"temperature-weight" compensation. Each method offers both
advantages and disadvantages which should be evaluated for the
particular application.
4.3.4 Indicators: The term "indicator" refers to self-contained gauging

electronics with integral displays.

In systems with electronics split

from the cockpit, an indicator contains primarily display related
compongents.

P

(2)

Analog (Electromechanical) - This family of indicators
consists of instrument servos having a pointer,. counter
combinations of these which display the fuel quantity r
their associated tanks. Functionally, they are compose

asuring circuits, servo amplifiers, servo motors and
potentiometers, with suitable mechanisms;\interconnectin
components. With respect to accuracy, the dominant fac
deadspot and linearity.

gﬁadspot is primarily determined<by the combined gains

plifier and motor. In well-designed instruments the

ssentially fixed by the use of temperature-stable and

olerance piece-parts. The amplifier gain is stabilize
egative feedback, and the-motor is enclosed by the amp
eedback loop so that.variations in its sensitivity do

ffect the overall deadspot.

X —H I3 ot D

inearity is primarily determined by the rebalance pote
owever, in cases where counter displays are used, the

imiTarly»in pointer display applications, pointer con
ith thedial and linearity of index spacing influence

1near1ty. With respect to the rebalance potentiometer
ust e given in this design to assure resistance eleme

L

—= e

-oncentr1c1ty of the e1ement in 1ts support1ng structure,

The'res1stance e]ement shou]d have a very Tow temperatu
of resistivity in order that thermal gradients within t
not adversely affect an otherwise satisfactory linear potentiometer.

most commonly
, or

emaining in

d of bridge
"rebalance"

g the rotating
tors are

of the bridge,
bridge gain is
controlled

d by use of
Tifier's

not materially

ntiometer;
design of the

nterconnecting mechanism can influence effective 11neﬂr1ty.

centricity
overall
itself, care
nt linearity,
and

ce element.

re coefficient
he instrument

Digital (Solid-State) - This family of indicators empioys no
wear-related elements such as servo motors, rebalance potentiometers

or gearing, and therefore, offers improved reliability
maintainability. The digital readout of fuel content e
operator "reading" error.

type of indicator. The display format is typically inc

and
Timinates

Deadspot is virtuaily eliminated in this

andescent,

Tight emitting diode (LED) or liquid crystal display (LCD).
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4.3.4

4.3.5

(Continued):

The digital indicator may be further enhanced with the addition of a

microprocessor.

This "smart" subset of digital indicators offers

extensive built-in test and system health monitoring features, and
operation in degraded modes due to failures and/or discontinuities, as
well as the flexibility of firmware updating to:incorporate changes due to
fuel properties or other gauging characteristics into preexisting

hardware,

Depending upon the gauging system architecture, enhancements

such as attitude error correction can be added to greatly reduce overall
system error,

Moder|
gaugi
use i
metho

Full height compensated probes

Tempe

b warranted.

METHOD

rature~-weight

compepsated probes

High 1

Signa

requency AC excitation

conditioners)adjacent

to tanks

High 1
DC sy

Frequency pulsating
s tems

n_Fuel Gauging System Enhancements:

g characteristics have been developed and are availab
No lTengthy discussion is attempted here,
Is and their advantages are shown below:

Several new metho

ADVANTAGE

Eliminates/ discrete (tank
reference capacitor and r
due to“fuel density varia
stratification within a t

Eliminates discrete refer
capacitor and reduces err
density variation stratif
a tank

Reduces effects of errors
resistive currents (fuel

Eliminates long runs of s
cable

Eliminates shielded wirin
shielded connectors and r
of resistive currents

ds of improved
le where their
but these

mounted)
bduces errors
tion

ANk

bnce -
ors due to fuel
ication within

due to
contamination)

nielded

y and
bduces effects

Precalibrated systems (both
AC and DC)

Zero based or "negated"
DC probes

Computerized gauging systems
employing densitometers

Eliminate installation adjustments

and reduces maintenance

Flexibility in tank-electronics
hardware since "tank empty" is the same

as '"no tank”

Measure fuel density thereby

reducing errors caused by
versus density variation

dielectric
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4.4 Errors Not Controlled by the Airframe or the Gauging Systems Manufacturer:

4.4.1

"Fuel Characteristics:

The single most significant factor affecting

capacitance-type gauging system accuracy, over which neither the airframe

nor the gauging manufacturer has control, is the fuel itself.

In

virtually all capacitance-type gauging systems, the fuel property which

influences accuracy is the so-called capacitance index.
defined as follows:
constant, and d is its density.

Thi
(K-1>/d, in which K is the fuel's diele
Fuel specifications do not

s factor is
ctric
explicitly

control this factor; however, by means of test programs conducted by

variou

s agencies, the probable values of (K-1)/d have been

scertained for

variou
inters
use in
method
used 1

A1l ot

s classes of aviation fuels over the temperature range
st. Military specifications provide the formulas for
design of gauging systems for use with various fuels.
and fuel characteristics change, more accurate inforn
o improve accuracy. ¢

her factors remaining constant, the accurdcy of a give

system of the uncompensated type is directly-proportional to

of (K-
fuels,
factorn
(i.e.,
this ¢

Furthe

accury
4.4.2 Densit
desirg
of the
being
3 sign
with 3

Other
parame
the fu

ometers:

1Y/d for the class of fuels being used. As an exampleg
the possible error which may be introduced due to var
is about +4% of indication. By @sing a compensated-t
one in which a fully submerged<reference tank unit is
rror can be reduced to approximately +1.5% of indicati

r accuracy improvements can be obtained by determining

tely and providing this as a further correction factor].

In computerized systems where increased accd
d, devices which.measure fuel density directly can be
se devices relies on the resonant frequency of a vibrg
a function of fuel density. A fuel density accuracy o
a can be achieved with these devices resulting in gaug
n accuracy of +1%.

sensors that do not measure density directly but infen
tersiare also available; one such sensor measures the
ehhof a radiation source.

s of
(K-1)/d for

As refinery
ation could be

n gauging
the variation
, for JP-4
fation of this
ype of gauge
employed),
on.

density more

racy is
utilized. One
ting element

f +0.5%

ing system

it from other
absorption by

A limitation of densitometers is that they must be placed in locations
that are representative of all of the fuel being gauged in order to obtain
the most realistic fuel density value.

4.4.3

Fuel Contamination:

In addition to the old problems of entrapped and

dissolved water in aircraft fuels, other problems have occurred due to the
presence of bacterial growth in these liquids, and also due to high fuel
transfer rates contingent to modern aircraft turnaround requirements. To
combat the influence of bacteria, biocidal additives have been developed
and are often added to the fuels. Tank-cleaning procedures using various
detergents and other cleaning agents leave residues in the tanks which
Tater appear as fuel contaminants. To combat the static electricity
produced by the high pumping rates, it is now customary to include
anti-static additives in the fuels. Besides these contaminants, jet fuels
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4.4.3 (Continued):

are excellent media for the growth of fungal organisms. Thus, the gauging
system components which are immersed in the fuel are subject to the
degrading influences of all these contaminants.

In general, these contaminants do not affect the fuel's dielectric
constant nor its density by amounts which would produce measurable errors;
rather, they increase the fuel's conductivity. In addition, there is a
tendency for the moisture and other contamination to reduce the insulation
resistance of the tank units. If these latter phenomena are uncontrolled,
11y adverse
nce on indicator sensitivity (i.e., the productionof{indicator
shness), particularly in 400 Hz systems.

espect to fuel conductivity, well-designed compensated 400 Hz gauges
lerate conductivities in the region of 300 picomho/meter without

cy degradation. Uncompensated 400 Hz gauges are less|tolerant to
actor, and approximately 200 picomho/meter is a reasomable upper

on conductivity for this type of gauging system. High frequency

s can reduce significantly, the error caused by anti-gtatic

ves, water and other contaminants.

v more subtle error source is.caused by fuel stratification. This
caused by temperature gradients within the fuel tank|or by
heavy fuel gradients. Stratification may be "horizontal" or
cal" or it may be non-existent. Its formation is infJuenced by such
s as tank aspect ratios; explosion suppressant materials, and refuel
ed system designs and-mission profiles. Each application should be
ted to determine whether fuel stratification is Tikely to be
present; and if so, to\what degree. Errors resulting from horizontal
strat{fication may ke reduced through the use of distributed compensation
techniques. However, as noted in 4.3.3 (5), the disadvantages of these
ches should also be evaluated before selecting a partjcular

Considering insulation resistance degradation, well-designed tank units
Tong leakage paths between the sensing elements to djscourage
contamination huildun In some applications, it is prudentito treat the

tank units with coat%ngs having non-hygroscopic and water-shedding
properties.

5. CONCLUSION:

The preceding discussions have attempted to point out the significant
error-causes influencing the accuracy of airborne capacitance-type fuel
quantity gauges. Even from this simplified treatment, it can be seen that
appreciable skills and experience are required of the gauge designer in order
to produce equipment suitable for aircraft service. In addition, it has been
shown that the airframe manufacturer plays a critical role in the attainment
of the accuracy goals. Furthermore, factors which are beyond the control of
both the airframe and gauge manufacturer can be significant.
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(Continued):

The intent of the following discussion is to summarize the highlights of the
foregoing, to assess the magnitudes of the errors produced by the
error-causing factors and to give some insight concerning the means and costs
involved in minimizing the more significant of these errors.

By far, the most dominant factor influencing gauge accuracy is the ability to
describe the fuel's state in the tank insofar as tank geometry and attitude
are concerned. Since th1s is the foundation upon wh1ch the gauge's accuracy
structurerre be—vatuakb e—approach to
optimizing this descr1pt1on and thereby permit the reduct1on of errors
introduced in this step of gauge design. The following procedure, if
properly implemented, would permit such optimization. It shoulg be
recognizeld, however, that improvements of this type are-usually|made at some
kind of spcrifice. The sacrifice can result in adverse“schedule time and in
the added| amount of coordination and liaison necessary between fhe airframe
and gaugipg manufacturers.

This procpdure contains three basic phases ofiwork which are degcribed in the
following| paragraphs.

1. As early as possible during the aircraft design phase, prelfiminary tank
envelppe data, internal equipment envelopes, and aircraft attitude
information are furnished to thelgauging manufacturer. Baspd on these
data,| approximate quantities and locations of tank units arg
establlished. Despite the fact that preliminary tank data of this type
are ipcomplete, it is usually possible to establish the number and
approximate lengths of the required tank units, and to estaplish their
Tocatfions in the tanks.with an accuracy of about 2 to 3 inches.
Information available-~during early phases of aircraft desigp, rather than
after| design of structure, fuel system hardware, and other pffecting
items| have become.well established, is beneficial in that it increases
the Tjikelthood/that the airframe manufacturer will be able to choose
optimum location for these units.

2. After| the-tank geometry is finalized, the gauging manufactufer may
procepdowith the task of establishing the exact location ang
characterization of each tank unit. Completing the first phase of the
work earlier shortens the time required for this second phase and enables
the gauging manufacturer to make earlier release of his own tooling
drawings. At this point, the gauging manufacturer can prepare and submit
a predicted error analysis for the gauging system. This analysis would
depict the errors anticipated under the various attitude conditions
specified.

Further, for aircraft such as fighters, required system performance
during extreme operating attitudes must be specified. For example, a
critical fuel "Bingo" warning system might be delayed or inhibited during
these extreme flight attitudes. Other critical concerns might relate to
center of gravity management systems since these systems typically use
fuel content signals from the gauging system; special provisions need to
be addressed for such systems at the onset of the design cycle.
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5. (Continued):

3.

This phase covers the actual Tiquid calibration of the fir
aircraft, and permits comparison of the actual versus the
errors. Data obtained during this phase may be used to fu
any undesirable error spikes by trimming the characterizat
several of the tank units. '

Needless to say, it is vital that the attitude ranges cons
given aircraft must be selected very conservatively. Othe
lﬁpacts oh gauging system cost and complexity can be very
0s
shou]d appear in the specification. Particularly, ground
normal cruise attitudes, refuel attitudes, and landingdatt
specified. All other attitudes, such as high angles of cl
skids, slips, etc., should not require high-accuracy gaugi
accuracy in the more important attitudes could suffer if t
attitudes were permitted to enter gauging specifications.

For example, at ground attitude, high accuracy may be spec
uppet regions of the tank (say, from 2/3-filled to full).

attitude, emphasis on accuracy of auxiliary tanks should b
entite range of fuel quantity (from. full to empty). In th
landjng attitudes, high accuracy should be specified in ma
the Jower regions on the tank (say, from 1/3 filled to emp

Although 1t 1s difficult to generalize in this area (as it
respect to many of the subsequent factors) due to the diff
procedures, technical approach, etc., from one manufacture
5 believed that typical descriptions of nominal tank ¢

numeyically controlled drafting machines can probably redu
by a|factor of 1.68/to 2.0, However, the investment requir
¢ machinessboth in terms of the machine costs themsel

need not be suffered if realistic requirements are used.

that gauging errors on the order of +0.5% of full scale pl
indication are introduced by typical specification of tank
This results from the inability to produce a theoretically
of probes in a given tank, even assuming that these probes are ideally

characterized, and they are manufactured perfectly.
errors (and indeed, merely to achieve them) requires the u
cooperation between the gauging and airframe manufacturer,
considerable technical skills by both. 1In this vein also,
the number and extent of tank stay-out areas is a goal whi
sought,

st production
predicted

rther minimize
jon of one or

jdered for a
rwise, the
severe. Only
ircraft usage
attitudes,
itudes need be
imb, descent,
ng, since

hese other

ified for the
In the cruise
b over the

b cruise and
in tanks for
ty).

will be with
brences in

+ to another,
pometry

Fhe use of

ce this error
bd to introduce
bes and in the
cant balancing

tudes

ty, etc.) which
It is estimated
us +1.5% of
attitudes.
perfect array

To reduce these

tmost

as well as
reduction in
ch must be
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5.

(Continued):

~ Maintenance of the specified tank dimensions during aircraft manufaéture

is a further necessity, if accurate gauging is to be achieved.

Due to

this factor it is estimated that typical gauging errors of 1.0 to +2.0%

of indication are introduced by this factor.

Once again, the

introduction of numerically controlled manufacturing equipment, capable
of holding exacting tolerances can probably reduce this error by a factor
of 2.0.

In instances where height-volume information must 3 generated at the

requi
of +0
prepa
accur

After
chara
reloc
vario
+0.5%
the ¢
gaugi
not e
accur
withi

After
syste
end i
procu
quali
and a
varia
cost

indic
scale
reaso

red tank attitudes, error resulting from this step are
.5% of indication. 1In terms of cost trade-offs, input
ration for height-volume analysis must be such asrto b
ey versus cost of preparing the data, and of hawing i

the tank unit locations are established, they must be
cterized, errors determined, and if necesSary the tank
nted and/or recharacterized to minimizeserror extremes
is attitudes. Typical errors resulting from this oper
of full scale plus +1.0% of indication. Here again,

nuge designer should be consideredras paramount, if an
ng system is to result. In this'phase of design, end

kpecially influenced. Here rather, is an interplay in
ey versus design costs; 1.e.y how well the system can
n the framework of scheduleand engineering cost const

this phase of work comes the actual desigh and manufa

m components. Considerabtle interaction exists between
tem costs during this phase of work. Questions of too
rement practicesyicaliber of manufacturing labor, manu
ty control techniques, etc., all influence the balance
ccuracy. Only the very skilled gauge manufacturer can
bles so 355to obtain best accuracy and yet stay within
restrictions. For typical tank units, accuracies of +
ation<are reasonable; indicator deadspot error of +0.2]
, and Andicator linearity errors of +0.5% of full scal
nhable.

on the order
data

plance

L processed.

units may be
at the

ntion are

the skills of
optimum

tem costs are
olving

be optimized
raints.

cture of the
accuracy and
ing,
Facturing and
between costs
balance these
the normal

i .0% of

, of full

b are likewise

Still when all of the foregoing aspects of gauge specification and design
have been controlled and perfected, there are the "uncontrollable”
influences of the fuels themselves which must be accounted for.
Particularly, capacitance-index variations, and to a lesser extent of
effects of fuel moisture and contamination enter the accuracy picture.
For uncompensated gauges the errors which result from these factors

amount to as much as +4% of indication.

At the expense of adding a

submerged compensator and its associated wiring, compensated gauges can
reduce these errors to about +1.5% of indication.
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B. (Continued):

Considering the combination of the above errors, in terms of obtaining an

appraisal of the accuracy which may be expected of typical

gauging

systems, it is not meaningful to simply add the various errors

algebraically.

realistic appraisal may be obtained by using a’'rss procedure.

Since many of the errors are random in nature, a more

Using this

technique, and the smaller error-values noted in the foregoing

paragraphs, the following errors result:

a. For an uncompensated gauge, errors of about 1% of full
b. For a compensated gauge, errors of about 1% of fuldysc
ncreasing to about 3.25% of full scale near full.

c. For an advanced computerized system which employs comp

ttitude correction errors may be reduced to’'+1% of in
f full scale.
If the guidelines and recommendations of this document are
it can be expected that the system will“remain within its
for a given installation, attitude range and fuel type. H

installations have required higher_maintenace due to their
to wiring degradation (due to broken or grounding faults o
wiring with conventional AC systems), water contamination,
growth, etc. Newer installations have addressed these pro
watey contamination, see 4.3-3 and 4.4.5 and for the elimi
wiring by the use of DC systems, see 4.3.5). Probably one
significant benefits of “‘the newer computerized gauging sys
abiljty to perform self-monitoring. These self-checks con
the integrity of the system providing a warning when the s|
tolerance or when_a fault occurs.

scale near

nle near empty,

bnsation and
dication, +0.5%

followed then
pccuracy band
pwever, older
susceptibility
h shielded
microbial
blems (for
nation of coax
of the more
Fems is their
stantly monitor
ystem is out of

In the last analysis, however, only the experience and ski
airframe ant—gauging manufacturer can keep the gauge syste
in terms<of both cost and accuracy.
real
acti
performance.
paper.

11s of both the
under control

These skills, the setging of

stic goals, and coordination during all phases of the|design

1ty are the prime requisites for achieving optimum gauge

Table I summarizes the errors discussed in the text of this

Fig. 1 is also included for reference when referring to military gauging

system requirements.
Table I.

There is no direct correlation between Fig. 1 and
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