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1 .  PURPOSE: 

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

2. SCOPE: 

This report i s  intended to identify .the necessary analytical tools to enable 
making value judgments for minimizing the various errors typically 
encountered in capacitance systems. Thus, in addition to identification o f  
error sources, it describes the basic factors which cause the errors. When 
coupled with appraisals of the relative costs of minimizing the errors, this 
knowledge will furnish a tool with which to optimize gauging system accuracy, 
and thus, to obtain the optimum overall system within the constraints imposed 
by both design and budgetary considerations. 

Since the subject of capacitance accuracy is quite complex, no attempt i s  
made herein to present a fully-comprehensive evaluation of all factors 
affecting gauging system accuracy. Rather, the major contributors to gauging 
system inaccuracy are discussed and emphasis i s  given to simplicity and 
clarity, somewhat at the expense of completeness. 

An overview of Capacitive Fuel Gauging operation i s  provided in the Appendix. 

3. GENERAL REOUIREMENTS: 

There are numerous ways in which the contributors to gauging system 
inaccuracy may be classified. Parameters for such classification may be 
general (e.g., temperature-induced errors, geometrical errors, etc.) or 
specific (e.g., tank errors, tank unit errors, indicator errors, etc.). 
Indeed, the variety of possible classifications i s  virtually unlimited. 

For the purpose of this report, four broad categories for classification of  
error-causes are listed: 

( i) Errors controlled by the airframe manufacturer. 

( 1 1 )  Errors jointly controlled by the airframe manufacturer and gauging 
system supplier. 

(iii) Errors mainly controlled by the gauging system supplier. 

( iv) Errors not controlled by the airframe manufacturer or the gauging 
system supplier. 

4. DETAILED REOUIREMENTS: 

4.1 1-rrors Controlled bv the Airframe Ma.nufacturer: 
systems which are typically installed in modern aircraft, the fuel quantity 
gauging equipment should be considered as a system which i s  irrevocably 
"married" t o  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. 
system, i t s  preliminary design should proceed in parallel with that o f  the 

Unlike many instruments and 

Thus, to optimize the gauging 
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4.1.1 .FL~~~LT~!LCI@~SCYJI&!B~: An impor tan t  f a c t o r  i n  the des ign o f  a t y p i c a l  
f u e l  gauge system 1 s  t he  d e f i n i t i o n  of the f u e l  containment which, i n  
turn, 1 s  dependent upon the  number o f  tanks,  the geometry o f  each tank, 
and the  q u a n t i t y  o f  f u e l  t o  be c a r r i e d  i n  each tank. 

This sub jec t  has a s i g n i f i c a n t  bea r ing  upon f u e l  gauge system design. 
For,  as t h e  number and geometr ica l  complex i ty  of t he  tanks increase,  t he  
d l f f i c u l t y  i n  a c c u r a t e l y  d e f i n i n g  the f u e l  contents  a t  ground and 
d i f f e r e n t  f l i g h t  c o n d i t i o n s  a l s o  increases. A f u r t h e r  comp l i ca t i on  i s  the 
e f f e c t  on tank  geometry due t o  change i n  tank shape and a t t i t u d e  caused by 
wing t w i s t  and d e f l e c t i o n  f o r  those tanks conta ined w i t h i n  the wing 
s t r u c t u r e  e 

b i l  t h  regard t o  accuracy, t he  a i r f r a m e  manufacturer 's  responsi  b i  1 i ty  i s t o  
dev'lst! a nieans OP d e s c r i b i n g  the a c t u a l  t ank ' s  p h y s i c a l  shape i n  the  most 
reallotic manner, and i n  a way t h a t  can be simply and a c c u r a t e l y  
!nPerpr@ted by the  gauging s u p p l i e r .  Inaccurac les I n  such d e s c r i p t i o n ,  or 
I n  the ease of Interpretlng t h i s  d e s c r i p t i o n ,  produce " b u i l t - i n "  errors i n  
t h e  gauging system. 

Soine typ tea l  iíiettiodo o f  furnishing t h i s  d e s e r i p t l o n  a re  as follows: 

1. Aceurate i n t e r n a l  dfmensfoned drawlngs o f  the tank, w'lth approp r ia te  
ers%s-sect!snal  '1 t i for inat ion i n c l u d i  rig dimensioned d e s c r i p t i o n  o f  
'1 nterna'l s t r u c t u r e  and equipment. 

2.  A n a l y t i e  geometrical d e s c r i p t i o n  o f  the complete tank or o f  those 
seet lsns OP t he  tank  which are s u f f i c i e n t l y  " r e g u l a r "  t o  p e r m i t  such 
d e a c r l p t k m ,  Thl s 1 s usual l y  accompli shed by computer a n a l y s i s  ou tpu t  
by p r ' l n tou ts ,  tape or cards and i n  the  form o f  x ,  y, z coord inates,  
I t  1 s  d e s i r a b l e  t h a t  t he  form o f  o u t p u t  be s u i t a b l e  for  d i r e c t  usage 
! t i  the math model or computer program o f  t he  s u p p l i e r  t o  reduce e f f o r t  
and errors, 

3 .  Combinatlotis o f  ( 1 )  and ( 2 )  are used e s p e c i a l l y  i n  cases where the 
tank c a v i t y  i s  composed o f  both r e g u l a r  and i r r e g u l a r  volumes. 

4. Resul ta o f  a c t u a l  f l l l - a n d - d r a i n  measurements performed on scaled-down 
o r  p r e f e r a b l y  f u l l - s i z e d  models o f  the  tank.  
means t o  h e l p  reduce e r r o r s  and can be performed i n  a d d i t i o n  t o  o t h e r  
forms o f  tank  d e f i n i t i o n .  This method by i t s e l f  may n o t  be s u f f i c i e n t  
because o f  l a r g e  v a r i a t i o n s  i n  a i r c r a f t  a t t i t u d e s  and wing t w i s t  and 
d e f l s c t l o n  a f f e c t i n g  f i l l - a n d - d r a i n  r e s u l t s  a t  va r ious  f l i g h t  
condi t l o n s .  

This  i s  an e x c e l l e n t  
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4.1.2 "IN-TANK" Hardware and Wing Deflection: When external dimensi.ons are 
provided, as applieable, tank wall thickness is required to be furnished 
to permit determination o f  actual internal volume. Furthermore, 
consideration must be given t o  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 should be addressed. 
error during flight conditions because o f  the difficulty in providing 
accurate differential fuel level data and the difficulty in minimizing 
these error sources. 

This can cause a significant 

Additional information which must be furnished by the airframe 
manufacturer includes the location o f  filling ports,' fuel expansion space, 
any explosion suppressant materials, and residual fuel volumes. This 
permits the gauge manufacturer to assess the amount of actual usable fuel 
and to design the gauge accordingly. 

It i s  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 
distribution s f  gross weight, and of particular ground conditions and 
flight regimes OP interest. 
deflection can include items such as aircraft speed, altitude, attitude, 
weight distribution and configurations including flaps, air brakes and 
I andi ng gear pos1 tian. 

stability (manufacturing tolerance) o f  the tanks is an extremely important 
factor which could be considered as part o f  the inaccuracies that could 
resul t .  

Flight factors affecting wing twist and 

4.1.3 LaBk Tolerances: For capacitive fuel measurements, the dimensional 

4.1.4 Stay-But Areas: 
usual limitations placed on the gauging supplier with respect to c e r t a i n  
tank unit locations. The very marriage o f  the gauging components to the 
airframe, and the fact that these gauging elements and the airframe 
structure impose mutual constraints upon one another, potentially 
influence gauging accuracy. Thus, in situations where a particular 
location is sought for a tank unit on the basis o f  achieving ideality of 
gauging accuracy, and avoiding interferences and maintaining proper 
structural integrity o f  the airframe, a reasonable compromise location for 
the tank unit must be found. By definition, this eomprornise prejudices 
the gauging system accuracy. The airframe manufacturer usually classifies 
these unacceptable regions for tank unit locations as "stay-out" areas. 

Another consideration related to tank structure is the 
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4 J  1 5  ~si.!-cka,ruUbll: Probably the most s i g n i f i c a n t  cause o f  f u e l  gauge e r r o r s  
and, t h e r e f o r e ,  t h e  one which has the g r e a t e s t  i n f l u e n c e  upon the number 
and l o c a t i o n  o f  tank  u n i t s ,  i s  the a i r f r a m e  manufacturer 's  s p e c i f i c a t i o n  
o f  a i r c r a f t  p i t c h  and r o l l  a t t i t u d e s  under which the gauge i s  t o  per form 
w i t h  p a r t i c u l a r  accuracies a 

I n  the  gauge's o p e r a t i o n  fue l  volume I s  i n f e r r e d  from the  l e n g t h  of  the  
wetted p o r t i o n ( s >  a long the p r o b e W .  P r a c t i c a l l y  speaking, t h i s  l e n g t h  
i s  determlned as a f u n c t i o n  o f  the volume o f  f u e l  i n  the tank when the  
tank I s  i n  i t s  "normalt1 a t t i t u d e .  This  f u n c t i o n ,  which r e l a t e s  f u e l  
volume and wetted l eng th ,  g e n e r a l l y  Is non- l inear  and i s  u s u a l l y  
1 I n e a r l z e d  by l t cha rac te r i z lng t l  the probe or by c h a r a c t e r i z i n g  the  probe(s) 
s i g n a U s )  If a computerized gauging system i s  employed. 

S t a r t i n g  w i t h  a p a r t i c u l a r  known f u n c t i o n  between wetted l e n g t h  and f u e l  
volume w i t h  the  tank  i n  normal a t t i t u d e ,  i f  the t a n k ' s  a t t i t u d e  i s  
changed, t h i s  f u n c t i o n  w l l l  also change. This change can be e s p e c i a l l y  
marked when the tank I s  almost f u l l  o r  almost empty, because the  top  o f  
the t ank  w l l l  p robably  be p a r t l y  wetted I n  the former case, or the bottom 
o f  the tank  w i l l  be p a r t l y  uncovered I n  the  l a t t e r  case, I f ,  i n  these 
eases, apprec iab le amounts o f  f u e l  are p e r m i t t e d  t o  e x i s t  above the  
uppermost sensing p o i n t  or below the lowermost sensing p o i n t ,  the 
i n fe rence  of  f u e l  volume f rom the measurement o f  wetted l e n g t h  w i l l  be 
commensurately i n  error. The magnitudes o f  these e r r o r s  for  a g i ven  a r r a y  
o f  probes o f  course depend on the p a r t i c u l a r  a t t i t u d e s  s p e c i f i e d .  
Conversely, i f  t h e  range o f  a t t i t u d e s  i s  r e s t r i c t e d ,  i t  i s  g e n e r a l l y  
p o s s i b l e  t o  minimize the  number o f  probes and ye t  achieve acceptable 
errors, 

The ex t remes  o f  a t t l  tude requirements are associated w i t h  f i g h t e r  
a i r c r a f t .  High a t t i t u d e s ,  such as 60 deg nose-up coupled w i t h  a i r c r a f t  
a c c e l e r a t i o n  w h l l e  i n  t h i s  a t t i t u d e ,  can e a s i l y  c rea te  a c o n d i t i o n  where 
tlgaps'l I n  gauging might  e x i s t .  I n v e r t e d  f l i g h t  poses yet another unique 
s i  tuation for f i g h t e r s ,  The des i red  or " t o l e r a t e d "  f u e l  q u a n t i t y  repo r ted  
under these ex t remes  must be addressed e a r l y  i n  the des ign cyc le .  

Therefore,  i n  o r d e r  t o  minimize gauglng errors or t o  minimize the number 
o f  probes r e q u i r e d  t o  achieve p a r t i c u l a r  s p e c i f i e d  accurac ies,  the 
a i r f r a m e  manufacturer must exe rc i se  d i s c r e t i o n  i n  the  establ ishment  o f  
a l r c r a f t  a t t i  tude versus accuracy requirements,  For example, i n  wing 
tanks t h e  requlrement fo r  h i g h  accuracy under r o l l  c o n d i t i o n s  i n  
combinat ion w i t h  t w i s t  and d e f l e c t i o n  should be s c r u t i n i z e d  w i t h  utmost 
care 

4 , 1 9 6  &lh rCant- : I n  o rde r  t o  avo id  con tac t  and/or p a r t i a l  immersion 
o f  capaci tance probes I n  accumulated l i q u i d  water, f u e l  tanks should be 
designed t o  a l l o w  water accumulation areas t o  be below the  lowest  probe 
sensing p o i n t .  Scavenging systems are employed i n  some a i r c r a f t  t o  ensure 
t h a t  water i s  drawn o u t  o f  these low areas and r e c l r c u l a t e d  t o  the boost 
pumps t o  prec lude accumulat ion o f  s i g n i f i c a n t  q u a n t i t i e s  o f  water.  
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4.2 

4.2.1 Number of Tank Units and Locations: Because of the mutual influence-of 

Errors Jointlv Controlled by the Airframe and Gauuinu System Manufacturers: 

tank unit location and airframe structure upon one another, it i s  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. 
18stay-out11 areas must be considered as additional constraints on the 
problem. 

Note, however, that tank 

1 .  

2 .  

3 .  

4. 

5. 

6. 

Establish the maximum admissible error. 

Approximate the tank by a simplified geometric shape if the tank shape 
i s  not already very regular. Exainples of such s-implifications of tank 
shape might be prisms, pyramids, or suitable combinations of these 
located adjacent to one another. 

Note the characteristic cross sections which tend to dominate the top- 
and bottom-errors. These are the cross sections where one of the 
simplified geometric shapes borders with another, or where it ends. 
These cross-sections are normally characterized by some extreme 
property; i.e., the largest cross section, or the one where horizontal 
walls become oblique, etc. 

Determi ne the required number of probes - General ly, the top-and 
bottom-errors are the deciding factors. For example, if the 
bottom-error i s  too large when only one probe is used additional 
probes will be required to satisfy the accuracy requirements at the 
specified attitudes. 

Locate the probes - After the number o f  required probed i s  determined, 
their location at the top and bottom cross-sections, that is, the 
simplified cross sections, i s  also generally determined. If the tank 
differs appreciably from its approximate geometric shape in a certain 
region, a corresponding shift o f  the probes i s  indicated at that place. 

Evaluate the maxirnum errors - When the probes have been tentatively 
located, analytical (computer) determination of the necessary probe 
characterization and the resultant errors are determined. Accuracy 
over the entire flight attitude envelope i s  studied. 
attitude-weighted error al location is considered at this point. 
ßurthermore, i t  i s  possible to have the computer derive the errors 
resulting from incremental movement of the probes from their tentative 
locations. The results of such computations are then aiialyzed, and 
final "optimum" probe locations are selected. 

Appropriate 
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4.2.2 I n s t a l l a t i o n  Considerat  i o n s  There may be no c lass  o f  equipment whose 
performance can be degraded more d r a s t i c a l l y  by improper i n s t a l  l a t i o n  than 
capaci tance-type f u e l  q u a n t i t y  gauging systems.  Recogniz ing t h i s ,  t he  
gauging system manufacturer and a i r f rame manufacturer must col l abo ra te  
e f f e c t i v e l y  i n  t h i s  area t o  ensure accurate,  t r o u b l e - f r e e  performance o f  
the  gauging equipment. I n  an ac tua l  i n s t a l l a t i o n ,  t he  superimposed 
e f f e c t s  o f  humid i ty ,  f u e l  contaminat ion,  temperature, a l  t i t u d e ,  v i b r a t i o n  
and shock, f u e l  s losh ing ,  f u e l  c h a r a c t e r i s t i c  v a r i a t i o n s ,  ex te rna l  
subsystem usage, e t c . ,  a l l  a c t  s imul taneously  and adverse ly  upon the  
gauging system. Many o f  these in f l uences  can be worsened by the  f requen t  
cycl i ng o f  humi d l  ty  , temperature,  and a l  t i  tude produced by t y p i  c a l  
shor t -haul  miss ion  p r o f i l e s ,  and by opera t i on  f rom bases where f u e l  
c lean l i ness  may be p o o r l y  c o n t r o l l e d .  

I n  v i e w  of  these p o t e n t i a l  d i f f i c u l t i e s ,  i t  i s  n o t  s u f f i c i e n t  t h a t  
i n d i v i d u a l  gauging components merely s a t i s f y  t h e i r  own p a r t i c u l a r  
s p e c i f i c a t l o n s ; . i t  i s  a l s o  necessary t h a t  they  be made to  i n t e r a c t  w i t h  
one another and w i t h  the  a i r c r a f t  t o  produce an accurate and r e l i a b l e  
gauging sys tem d u r i n g  ac tua l  s e r v i c e  use. 

1,  S ing le -Po in t  Ground - The b e n e f l t s  o f  the  implementat ion o f  
s ing le -po in t  grounding are known t o  g r e a t l y  outweigh i t s  cost. The 
bas lc  approach t o  proper  implementat ion i s  t o  have a s igna l  r e t u r n  
c o l l e c t i o n  p o i n t  w i t h i n  the  i n d i c a t o r  assoc ia ted  w i t h  each f u e l  tank,  
and to  have a l l  s i gna l  c i r c u i t r y  connected the re to ,  each by an 
i n d i v i d u a l  w i r e ,  t o  prevent  ' c i r c u l a t i n g  ground c u r r e n t s .  From t h i s  
p o i n t ,  a s i n g l e  w i r e  i s  brought  through a p i n  i n  the  i ns t rumen t ' s  
connector and re tu rned  t o  a i r f rame s t r u c t u r e  e x t e r n a l  to  the  un i  t. 
The power r e t u r n  ( u s u a l l y  115 vo l t ,  400 Hz), t h e  case ground and, as 
app l i cab le ,  t he  l i g h t i n g  ground, should each have i n d i v i d u a l  egress 
from the  ins t rument ,  and may be re tu rned  t o  the  a i r f rame s t r u c t u r e  i n  
any convenient  acceptable fash ion .  

By adopt ing  t h i s  approach, a l l  o f  the  s igna l  cu r ren ts  a re  conf ined 
w i t h i n  the  gauging system, and none i s  p e r m i t t e d  t o  take an 
u n c o n t r o l l e d  pa th  through the  a i r f rame,  wherein i t  cou ld  be i n f l uenced  
by spur ious ex te rna l  causes. I n  a d d i t i o n  to  the  precaut ions  a l ready  
noted, care must be taken i n  the  i n d i c a t o r  des ign t o  min imize the  
capaci tance between the  i npu t -s igna l  lead  and the  i n d i c a t o r  case. 
Otherwise, should the  case p o t e n t i a l  be o t h e r  than t h a t  of  the  
s i n g l e - p o i n t  ground, unwanted s igna ls  cou ld  be coupled i n t o  the  sys tem 
through t h i s  capaci tance, 

Where e l e c t r o s t a t i c  and e lec t romagnet ica l  ly - induced coup l i ng  o f  
spur ious s igna ls  i n t o  the  gauging s y s t e m ' s  ex te rna l  w i r i n g  i s  
concerned, the  use o f  s ing le -po in t  grounding a long w i t h  reasonable 
separa t ion  (2  t o  3 inches minimum) between gauging equipment leads and 
ex te rna l  cur ren t -car ry !  ng conductors i s  s u f f i  c l e n t  t o  ensure 
t r o u b l e - f r e e  performance. 
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4 .2 .2  (Continued): 

Extreme care must be taken i n  ma in ta in ing  s h i e l d  c o n t i n u i t y  o f  th? 
sh ie lded conductor employed t o  t r a n s m i t  t he  s igna l  f rom the  i n n e r  tube 
( H i - Z )  i n  convent ional  ''AC'' f u e l  gauging systems. The coup l i ng  o f  any 
synchronous AC signa1 on t h i s  conductor w i l l  i n t roduce  a p o t e n t i a l l y  
l a r g e  e r r o r  i n  the  repo r ted  f u e l  q u a n t i t y .  Th is  problem i s  
undoubtedly the  most f requen t  cause f o r  maintenance on AC gauging 
systems. 

2 .  DC Gauging System S h i e l d i n g  - The modern DC system t ransmi t s  a 
p u l s a t l n g  u n i d i r e c t i o n a l  IIDC" c u r r e n t  as a s igna l  from the  tank  t o  the  
s igna l  c o n d i t i o n e r .  The t w i s t e d - t r i p l e x  s igna l  conductor used i n  DC 
systems i s  v i r t u a l l y  immune t o  AC p ickup i n  the  audio-frequency 
range. I n  some a p p l i c a t i o n s ,  a simple b ra ided  s h i e l d  over  these 
conductors i s  needed t o  add high-frequency immunity t o  the  system. 
M u l t i - p o i n t  grounding o f  t h i s  s h i e l d  i s  acceptable and r e s u l t s  i n  a 
more r e l i a b l e  system. 

3 .  Sensor Mounting Tolerances - The to le rances  i n  the  l o c a t i o n  o f  the  
mounting brackets  ( f o r  i n t e r n a l l y  mounted tank  u n i t s )  or the  f l a n g e  
p l a t e s  ( f o r  e x t e r n a l l y  mounted tank  u n i t s )  should be taken i n t o  
account. These e r r o r s  can be o f  the  o rde r  o f  tank  dimensioning 
to le rances  ( s e e  4 . 1 . 3 ) .  

4.3 Errors C o n t r o l l e d  by the  Gauging Equipment Manufacturer:  

4 .3 .1  Q c e r a t i o n  o f  Heisht-Volume Data: The gauging s y s t e m  manufacturer i s  
o f t e n  c a l l e d  upon t o  generate height-volume da ta  from t h e  tank  geometry 
d e s c r i p t i o n s  f u r n i s h e d  by the  a i r f rame manufacturer.  Sometimes, however, 
t he  a i r f r a m e  manufacturer has the  c a p a b i l i t y  and des i res  t o  f u r n i s h  the  
height-volume da ta  d i r e c t l y  t o  the  gauging sys tem manufacturer,  by means 
o f  in-house computer s tud ies  o f  the  tank geometry f o r  ground and f l i g h t  
a t t i t u d e s ,  i n c l u d i n g  wing t w i s t  and d e f l e c t i o n  i f  a p p l i c a b l e .  

For the  case when the  tank  d e s c r i p t i o n  i s  g iven  i n  terms o f  sca le  drawings 
w i t h  c ross-sec t iona l  i n fo rma t ion ,  i t  i s  o f t e n  necessary t o  approximate the  
c u r v i l i n e a r  envelopes o f  these sec t ions  by s t r a i g h t l i n e  segments. The 
errors induced by such approximations can be made n e g l i g i b l e  by i nc reas ing  
the  number of  segments; however, t h i s  i s  l i m i t e d  by the  economics o f  bo th  
p repar ing  the  da ta  and o f  computer t i m e  for t h e i r  u t i l i z a t i o n .  

When the  f u r n i s h e d  c ross-sec t iona l  i n f o r m a t i o n  i s  l i s t e d  i n  na ture  (i.@., 
when the  sec t ions  are  g iven a t  r e l a t i v e l y  l a r g e l y  spaced i n t e r v a l s ) ,  t h e  
tank  geometry must be f u r t h e r  approximated by s t r a i g h t l i n e  segments 
between the  va r ious  sec t ions .  This  can lead t o  a d d i t i o n a l  e r r o r s .  

F requent ly ,  due t o  schedule requirements,  i n f o r m a t i o n  g i ven  the  gauging 
sys tem manufacturer i s  p r e l i m i n a r y  i n  na ture ,  and d u r i n g  the  design phase 
the  a i r f r a m e  manufacturer a l t e r s  e i t h e r  the  envelope or the  l o c a t i o n  o f  
a u x i l i a r y  equipment w i t h i n  the  tank.  
design a t  t h a t  t ime,  upon the  scope o f  t h e  changes, or upon economic 
cons ide ra t i ons ,  t he  gauging s y s t e m  s u p p l i e r  w i l l  e l e c t  t o  resubmi t  t h e  new 

Depending upon the  s t a t e  o f  the  
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4.3,2 

(Cont inued) : 

Informatkm Por computer ana lys i s .  I n  t h i s  case no a d d i t i o n a l  e r r o r s  
beyond those a l ready  descr ibed w i l l  r e s u l t ,  or adjustment o f  the  i n i t i a l  
computer da ta  to  s u i t  t he  new requirements.  
p o s s i b l e  t o  in t roduce  a d d i t i o n a l  errors i n t o  the  height-volume data;  
however, exper ienced gauge des i  gners a re  we1 1 -equi pped t o  hand1 e 
s i t ua t i ons  o f  t h i s  k i n d ,  and can operate on the  e x i s t i n g  da ta  w i t h  minimum 
accuracy compromi se 

I n  the  l a t t e r  case, i t  i s  

J ~ ~ , ~ ~ ~ _ t _ 6 b a w c ~ ~ ~ ~ r a _ t - ~ . n :  When the  tank  l o c a t i o n s  are  es tab l  i shed, and 
the  "system constant"  ( u s u a l l y  g iven  i n  u n i t s  OP p ico fa rads /ga l  l o n )  i s  
determined, another s p e c i a l l y  designed computer program can be u t i  1 i z e d  t o  
e s t a b l i s h  optirnom c h a r a c t e r i z a t i o n  o f  each tank u n i t  i n  the  normal tank 
a t t i t u d e .  The computer then s imulates the  var ious  s p e c i f i e d  p i t c h  and 
r o l l  a t t ' l t udes ,  and, as a p p l i c a b l e  us ing  t w i s t  and d e f l e c t l o n ,  computes 
the  measur'lng eyrors  under these cond i t i ons  on the  assumption o f  i d e a l l y  
cha rac te r i zed  tank u n i t s .  

A t  t h 9 s  polnt  the  gauge des lgner  r e v i e w s  the  error da ta  and evaluates the  
relat ' lve riiagn'ltcrdes sf' t he  e r r o r s  i n  the  var ious  a t t i t u d e s  and f o r  the  
v a r b u s  Puel  volumes considered. 
certaiti reglsns i n  o rder  t o  s tay  w i t h f t i  s p e c i f i c a t i o n  l i m i t s ,  tank u n i t  
Iserst iens ar@ ad jus ted  or the  normal a t t i  tude c h a r a c t e r i z a t i o n  i s  
eornpromls@d S I  i g h t l y ,  and t h e  r e v i s e d  da ta  are submi t ted f o r  
recornputatlati. For t h i s  reason; i t  i s  po in ted  o u t  t h a t  t o o  s t r i n g e n t  
accuracy r e q u h m e n t s  for  ex t reme cond i t i ons  a re  n o t  d e s i r a b l e  because o f  
the  adverse e f f e c t  on accuracy achieved a t  normal a t t i t u d e s .  

I f  i t  i s  neeessary t o  reduce errors i n  

I n  t h i  s manner, through sequent ia l  exchange o f  i n f o r m a t i o n  between the  
gauge des lgner  and the  a i r f rame manufacturer,  optimum c h a r a c t e r i z a t i o n  o f  
the  tank u n i t s  i n  t h e i r  se lec ted  l o c a t i o n s  i s  a t t a i n e d .  

I n  computerized gauging systems the  employment o f  " l i n e a r "  p r o f i l e  on tank 
u n i t s  i s  made poss lb le .  
can be conta ined i n  system so f tQare  i n  the  form o f  lookup t a b l e s .  I f  
i n d i v i d u a l  tank  u n i t s  can be addressed a t  the  computer i n t e r f a c e ,  "common 
l e v e l "  techniques can be used t o  f u r t h e r  reduce a t t i t u d e  errors i n  
computerlzed systems. This  enhancement i s  poss ib le  o n l y  i f  " i n  tank"  and 
system w i r i n g  i s  conf' lgured t o  pe rm i t  access t o  each tank  u n i t .  

The i n f o r m a t i o n  which conver ts  h e i g h t  t o  volume 
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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 re1 iabi 1 i ty with minimum 
manufacturing costs. A s  far as accuraey i s  concerned, the major portions 
of the tank unit are the sensing elements themselves. These are typically 
two, concentric, cylindrical elements between which the fuel i s  permitted 
to rise or fa1 1 ,  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 
characterization of the tank unit to produce a constant capacitance-change 
per unit of fuel volume change i s  achieved. For linear tank units the 
inner element has a constant diameter, with the tank profile being 
contained in the associated Fuel Quantity Gauging Computers memory. There 
are several important factors which affect the capacitance-per-unit- 
length, and thus the accuracy o f  the unit. Among ttiese are the following: 

(1) Tubing Tolerances - In order to achieve the desired capacitances, 
manufacturing tolerances must be placed on the inside diameter of the 
outer tube, and on the outside diameter of the inner tube. Aluminum 
tubing can be obtained for the outer tube with an inside diameter 
tolerance, depending on tube diameter, or as little as +0.0005" 
(k0.013 mm). 

Considering the outside diameter of the inner element, and 
remembering also that the outside diameter is varied to accomplish 
the necessary characterization, various methods are used by differen 
gauging manufacturers to produce inner tubes. Spun tubing and nicke 
electroformed tubing are the most predominant. 

Spun tubing produces elements having high structural strength, we1 1 
controlled wall thicknesses, and typical outside diameter tolerances 
o f  +0.002 to 0.003 in (k0.05 to 0.076 min). Where improved accuracy 
i s  needed, spun tubing can be obtained at additional cost, with 
- tO.001 in (10.025 min) outside diameter tolerance. 

Nickel electroformed tubing i s  manufactured by preparing a machined, 
aluminum mandrel with the varying outer dlameters required, 
electroplating nickel an the surface of the mandrel, and then 
dissolving the mandrel, leaving a nickel tube with the desired 
profile. The outside dlameter tolerance on a tube of thls type i s  
- t0.002 i n  (+0.05Q mm). Far a linear (constant outside diameter) tube 
o f  this type an outside diameter tolerance of lr0.0002 in (lr0.005 mm) 
can be aehieved. This process results in a high-strength, light 
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 o f  as 
little as +0.0002 in (k0.005 mm) are possible using this method. 
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4.3.3 (Cont inued):  

T r a n s i t i o n s  - Another f a c t o r  i n f l u e n c i n g  tank u n i t  accuracy i s  t he  
p r e c i s i o n  w i t h  which i n n e r  tube o u t s i d e  diameter t r a n s i t i o n s  take 
p lace,  and the  l i n e a r  d i s tance  over which these t r a n s i t i o n s  occur.  

P r o p e r l y  executed spun t u b i n g  can be made t o  y i e l d  s a t i s f a c t o r y  
performance i n  t h i  s area. 

E lect roformed n i c k e l  t u b i n g  has the advantage o f  being ab le  t o  
accommodate a l a r g e r  number o f  l a r g e l y  d i f f e r e n t  diameter 
t r a n s i t i o n a l  changes i n  a g i ven  l e n g t h  o f  t ub ing .  

C o n c e n t r i c i t y  - C o n c e n t r i c i t y  between the tubes 1 s another f a c t o r  
i n f l  uenci ng tank un i  t accuracy. However, due t o  symmetry 
cons ide ra t i ons ,  unless the  a c t u a l  e c c e n t r i c i t i e s  a re  ex t reme (un i fo rm 
over  the  l e n g t h  of the  tube),  t h i s  i s  n o t  u s u a l l y  a a i g n l f i c a n t  
c o n t r i b u t o r  t o  tank  u n i t  inaccuracy.  

Dead Capacitance - Bead capaci tance i s  t h a t  p o r t i o n  o f  the  t o t a l  
tneasured capaci tance of a tank u n i t  which i s  n o t  i n f l u e n c e d  by the 
presence or absence of f u e l .  I t  I s  produced by c a p a c i t i v e  paths 
between the i n n e r  and o u t e r  sensing tubes (and t h e i r  assoc iated 
w i r i n g )  caused by the presence o f  a n t i - v i  b r a t i o n  bu t tons ,  cross-pins,  
terminal-boards,  e t c .  Dead capaci tance i t s e l f  does n o t  d e t r a c t  f rom 
gauging accuracy, s ince its' e f f e c t s  a re  ad jus ted  o u t  o f  the measuring 
systems by means of t he  s y s t e m ' s  empty adjustment.  However, 
v a r i a t i o n s  o f  dead capaci tance ( p r i n c i p a l l y  as f u n c t i o n s  o f  
temperature, and entrapped mois ture i n  these paths)  can adverse ly  
a f f e c t  accuracy. 
m i n i m i z a t i o n  o f  dead capaci tance i n  tank  u n i t  des ign on the  bas i s  
t h a t  i f  t h i s  f a c t o r  i s  i n i t i a l l y  smal l ,  capaci tance v a r i a t i o n s  caused 
by the  a fo resa id  environments w i l l  be n e g l i g i b l e .  

Thus, good design p r a c t i c e  d i c t a t e s  the  

S t r a y  Capacitance - S t ray  capaci tance i s  undes i rab le  and can cause 
measurement e r r o r s .  The whole cha in  f rom the  tank  u n i t  through t o  
the  e l e c t r o n i c  s i g n a l  c o n d i t i o n e r  i s  suscep t ib le .  S t r a y  capaci tance 
between the ends o f  the  tank u n i t s  and tank surfaces, f o r  instance,  
can be minimized by the use o f  end caps. 
( e s p e c i a l l y  for  convent ional  AC systems) m u s t  be mainta ined over the 
t o t a l  wire l e n g t h  i n c l u d i n g  connectors (see  4 .2 .2 ) .  

W i r i ng  s h i e l d  i n t e g r i t y  

"Referenee" Capacl tors  ( K - C e l l s )  - For gauging syateriis r e q u i r i n g  h i g h  
accuracy, i t  i s  customary t o  f u r n i  ah re fe rence  capac i to rs  (commonly 
r e f e r r e d  t o  as compensators) whi ch a re  normal l y  f u l  l y  submerged i n  
the f u e l ,  and which cense the f u e l ' s  d i e l e c t r i c  p r o p e r t i e s .  Since 
there a re  u s u a l l y  several  t ank  u n i t s  i n  a t y p i c a l  tank,  t he re  i s  a 
tendency fo r  the  manufactur ing to lerances of these u n i t s  t o  cancel 
one another ,  However, s ince the re  . i s  g e n e r a l l y  o n l y  one reference 
capaeltor i n  a g l ven  tank,  the i n f l u e n c e  o f  i t s  t o le rances  are " f e l t "  
by t h e  system w i t h o u t  d i m i n u t i o n ,  Thus, i t  i s  impor tan t  when 
s p e c i f y i n g  compensated ( o r  re ference c a p a c i t o r )  systems t h a t  the 
to lerar ice on the capaci tance o f  the  re fe rence  c a p a c i t o r  be c l o s e l y  
c o n t r o l  1 ed e 

B 

D 

I 

COPYRIGHT SAE International (Society of Automotive Engineers, Inc)
Licensed by Information Handling Services

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r11

84
a

https://saenorm.com/api/?name=40c3dd3df8247020a69ca1957a5d29cf


S A E  A I R * L L B Y A  8 9  M 8357340 0003657 1 M 

Page 13 AIR1184 A I I REV- 

4.3.3 (Continued): 

Methods to eliminate the need for reference capacitors have been 
developed by the gauging industry. 
"temperature-wei ght" compensation. 
advantages and disadvantages which should be evaluated for the 
parti cul ar appl i cation. 

Among these are "full-height" and 
Each method offers both 

4.3.4 Indicators: The term "indicator" refers to self-conta 
electronics with integral displays. In systems with e 
from the cockpit, an indicator contains primarily disp 
components. 

(1) Analog (Electromechanical) - 
consists of instrument servos 
combinations of these which d 
their associated tanks. Func 
measuring circuits, servo amp 
potentiometers, with suitable 

ned gauging 
ectronics split 
ay related 

tors most commonly his family o f  indic 
having a pointer, counter, or 
splay the fuel qüantity remaining in 
ionally, they are composed of bridge 
ifiers , servo motors and "rebalance" 
mechanisms interconnecting the rotating 

components. Hi th respect to accuracy, the dominant factors are 
deadspot and linearity. 

Beadspot is primarily determined by the combined gains of the bridge, 
amplifier and motor. In well-designed instruments the bridge gain is 
essentially fixed by the use o f  temperature-stable and controlled 
tolerance piece-parts. The amplifier gain is stabilized by use o f  
negative feedback, and the motor is enclosed by the amplifier's 
feedback loop so that variations in its sensitivity do not materially 
affect the overall deadspot. 

Linearity is primarily determined by the rebalance potentiometer; 
however, in cases where counter displays are used, the design o f  the 
interconnecting mechanism can influence effective linearity. 
Similarly, in pointer display applications, pointer concentricity 
with the dial and linearity o f  index spacing influence overall 
linearity. With respect to the rebalance potentiometer itself, care 
must be given in this design to assure resistance element linearity, 
concentricity of the element in its supporting structure, and 
concentricity o f  the wiper with respect to the resistance element. 
The resistance element should have a very low temperature coefficient 
of resistivity in order that thermal gradients within the instrument 
not adversely affect an otherwise satisfactory linear potentiometer. 

( 2 )  Digital (Solid-state) - This family o f  indicators employs no 
wear-related elements such as servo motors , rebalance potentiometers 
or gearing, and therefore offers improved reliability and 
maintainability. The dig tal readout o f  fuel content eliiiiinates 
operator "reading" error. 
type o f  indicator. 
light emitting diode (LED or liquid crystal display (LCD) .  

Deadspot is virtually eliminated in this 
The d splay format is typically incandescent, 
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4.3.4 

4.3.5 

(Cont inued):  

The d i g i t a l  i n d i c a t o r  inay be f u r t h e r  enhanced w i t h  the  a d d i t i o n  o f  a 
microprocessor.  Thi s "smart"  subset o f  d i g i t a l  i ndì c a t o r s  o f f e r s  
ex tens ive  b u i l t - i n  t e s t  and system h e a l t h  mon i to r i ng  fea tu res ,  and 
opera t i on  i n  degraded modes due t o  f a i l u r e s  and/or d i s c o n t i n u i t i e s ,  as 
w e l l  as the f l e x i b i l i t y  o f  f i rmware updat ing  tob inco rpo ra te  changes due t o  
f u e l  p r o p e r t i e s  or o t h e r  gauging c h a r a c t e r i s t i c s  i n t o  p r e e x i s t i n g  
hardware. Depending upon the  gauging system a r c h i  t e c t u r e ,  enhancements 
such as a t t i t u d e  error c o r r e c t i o n  can be added t o  g r e a t l y  reduce o v e r a l l  
system error. 

Modern Fuel Gauaina System Enhancements": Several new methods o f  improved 
gauging c h a r a c t e r i s t i c s  have been developed and are a v a i l a b l e  where t h e i r  
use i s  warranted. No lengthy  d iscuss ion  i s  at tempted here, b u t  these 
methods and t h e i r  advantages are  shown below: 

METHOD 

Fu1 1 h e i g h t  compensated probes 

Tempera t Ure-we i g h t 
compensated probe s 

High frequency AC e x c i t a t i o n  

Signal  c o n d i t i o n e r s  ad jacent  
t o  tanks 

High frequency p u l s a t i n g  
DC systems 

P r e c a l i b r a t e d  systems (bo th  
AC and DC) 

Zero based or "negated" 
DC probes 

Computerized gauging sys tems 
employing detisi tometers 

ADVANTAGE 

E l im ina tes  d i s c r e t e  ( tank  mounted) 
re fe rence capac i to r  and reduces errors 
due t o  f u e l  d e n s i t y  v a r i a t i o n  
s t r a t i f i c a t i o n  w i t h i n  a tank 

E l  im ina tes  d i  s c r e t e  re fe rence 
capac i to r  and reduces errors due t o  f u e l  
d e n s i t y  v a r i a t i o n  s t r a t i f i c a t i o n  w i t h i n  
a tank 

Reduces e f f e c t s  o f  e r r o r s  due t o  
r e s i s t i v e  cu r ren ts  ( f u e l  contaminat ion)  

E l im ina tes  l ong  runs o f  sh ie lded 
cab1 e 

E l im ina tes  sh ie lded w i r i n g  and 
sh ie lded connectors and reduces e f f e c t s  
o f  r e s i s t i v e  cu r ren ts  

E l im ina te  i n s t a l  l a t i o n  adjustments 
and reduces maintenance 

F l e x i b i l i t y  i n  tank -e lec t ron i cs  
hardware s ince " tank  empty" i s  the  same 
as Itno tank"  

Measure f u e l  d e n s i t y  thereby 
reduc ing  errors caused by d i e l e c t r i c  
versus d e n s i t y  v a r i a t i o n  
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4.4 Errors Not C o n t r o l l e d  by the  A i r f rame or the  Gauging Svstems Matlufacturer: 

4.4.1 Fuel C h a r a c t e r i s t i c s :  The s i n g l e  most s i g n i f i c a n t  f a c t o r  a f f e c t i n g  ' 

capaci tance-type gauging s y s t e m  accuracy, over which n e i t h e r  the  a i r f rame 
nor  the  gauging manufacturer has c o n t r o l ,  i s  t he  f u e l  i t s e l f .  I n  
v i r t u a l l y  a l l  capacitance-type gauging s y s t e m s ,  t he  f u e l  p r o p e r t y  which 
i n f l uences  accuracy i s  t he  so-cal led capaci tance index.  Th is  f a c t o r  i s  
de f i ned  as f o l l o w s :  (K- l ) /d ,  i n  which K i s  t he  f u e l ' s  d i e l e c t r i c  
cons tan t ,  and d i s  i t s  d e n s i t y .  Fuel s p e c i f i c a t i o n s  do n o t  e x p l i c i t l y  
c o n t r o l  t h i s  f a c t o r ;  however, by means o f  t e s t  programs conducted by 
va r ious  agencies, t he  probable values o f  ( K - l ) / d  have been ascer ta ined fo r  
va r ious  c lasses o f  a v i a t i o n  f u e l s  over  the  temperature ranges o f  
i n t e r e s t .  
use i n  design o f  gauging systems Por use w i t h  va r ious  f u e l s .  
method and f u e l  c h a r a c t e r i s t i c s  change, more accurate i n f o r m a t i o n  cou ld  be 
used t o  improve accuracy. 

A l l  o t h e r  f a c t o r s  remaining constant,  t he  accuracy o f  a g i ven  gauging 
system o f  the  uncompensated type  i s  d i r e c t l y  p r o p o r t i o n a l  t o  the  v a r i a t i o n  
o f  ( K - l > / d  f o r  the  c lass  o f  f u e l s  be ing  used. A s  an example, f o r  JP-4 
f u e l s ,  t he  p o s s i b l e  e r r o r  which may be in t roduced due t o  v a r i a t i o n  o f  t h i s  
f a c t o r  i s  about rr4"/. o f  i n d i c a t i o n .  
( i . e . ,  one i n  which a f u l l y  submerged re fe rence tank  u n i t  i s  employed), 
t h i s  e r r o r  can be reduced t o  approximately L-1.5% o f  i n d i c a t i o n .  

M i  1 i t a r y  s p e c i f i c a t i o n s  p rov ide  the  formulas f o r  (K-1 ) / d  fo r  
As r e f i n e r y  

By us ing  a compensated-type o f  gauge 

Fur the r  accuracy improvements can be ob ta ined by de termin ing  d e n s i t y  more 
a c c u r a t e l y  and p r o v i d i n g  t h i s  as a f u r t h e r  c o r r e c t i o n  f a c t o r .  

4.4.2 Densi tometers:  I n  computerized systems where increased accuracy i s  
des i red ,  devices which measure f u e l  d e n s i t y  d i r e c t l y  can be u t i l i z e d .  One 
o f  these devices r e l i e s  on the  resonant f requency o f  a v i b r a t i n g  element 
be ing  a f u n c t i o n  o f  f u e l  dens i t y .  A f u e l  d e n s i t y  accuracy of  ~0.5% 
3 sigma can be achieved w i t h  these devices r e s u l t i n g  i n  gauging system 
w i t h  an accuracy o f  kl%. 

Other sensors t h a t  do n o t  measure d e n s i t y  d i r e c t l y  b u t  i n f e r  i t  from o t h e r  
parameters a re  a l s o  a v a i l a b l e ;  one such sensor measures the  abso rp t i on  by 
the  f u e l  o f  a r a d i a t i o n  source. 

A l i m i t a t i o n  o f  densi tometers i s  t h a t  they must be p laced i n  l o c a t i o n s  
t h a t  a re  r e p r e s e n t a t i v e  o f  a l l  o f  t he  f u e l  be ing  gauged i n  o r d e r  t o  o b t a i n  
the  most r e a l i s t i c  f u e l  d e n s i t y  value. 

4.4.3 Fuel Contamination: I n  a d d i t i o n  t o  the  o l d  problems o f  entrapped and 
d i sso l ved  water i n  a i r c r a f t  f u e l s ,  o t h e r  problems have occur red  due t o  the  
presence o f  b a c t e r i a l  growth i n  these l i q u i d s ,  and a l s o  due t o  h i g h  f u e l  
t r a n s f e r  r a t e s  cont ingent  t o  modern a i r c r a f t  turnaround requirements.  To 
combat the  in f luence o f  b a c t e r i a ,  b i o c i d a l  a d d i t i v e s  have been developed 
and are  o f t e n  added t o  the  f u e l s .  Tank-cleaning procedures us ing  var ious  
de tergents  and o t h e r  c lean ing  agents leave res idues  i n  the  tanks which 
l a t e r  appear as f u e l  contaminants. To combat the  s t a t i c  e l e c t r i c i t y  
produced by t h e  h i g h  pumping r a t e s ,  i t  i s  now custoniary t o  i nc lude  
a n t i - s t a t i c  a d d i t i v e s  i n  the  f u e l s .  Besides these contaminants, j e t  f u e l s  
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4.4.3 (Cont inued):  

are e x c e l l e n t  media for  the growth o f  fungal  organisms. 
system components which are immersed i n  the  f u e l  a re  sub jec t  t o  the 
degrading i n f l u e n c e s  o f  a l l  these contaminants. 

Thus, t he  gauging 

I n  genera l ,  these contaminants do n o t  a f f e c t  the f u e l ' s  d i e l e c t r i c  
constant  nor i t s  d e n s i t y  by amounts which would produce measurable e r r o r s ;  
r a t h e r ,  they increase the f u e l ' s  c o n d u c t i v i t y .  I n  a d d i t i o n ,  t he re  i s  a 
tendency for  the  moisture and o t h e r  contaminat ion t o  reduce the  i n s u l a t i o n  
r e s i s t a n c e  o f  the tank  u n i t s .  I f  these l a t t e r  phenomena are uncon t ro l l ed ,  
gauging errors can be i n t roduced  by v i r t u e  o f  t h e i r  p o t e n t i a l l y  adverse 
i n f l u e n c e  on i n d i c a t o r  s e n s i t i v i t y  ( i . e . ,  the p roduc t i on  o f  i n d i c a t o r  
s luggishness) ,  p a r t i c u l a r l y  i n  400 Hz systems. 

With respec t  t o  f u e l  c o n d u c t i v i t y ,  we1 1-designed compensated 400 Hz gauges 
can t o l e r a t e  c o n d u c t i v i t i e s  i n  the r e g i o n  o f  300 picomho/meter w i t h o u t  
accuracy degradat ion.  Uncompensated 400 Hz gauges a re  l e s s  t o l e r a n t  t o  
t h i  s f a c t o r ,  and approximately 200 picomho/meter i s  a reasonable upper 
l i m i t  on c o n d u c t i v i t y  for  t h i s  type o f  gauging system. High frequency 
systems can reduce s i g n i f i c a n t l y ,  the error caused by a n t i - s t a t i c  
addi t i v e s ,  water and o t h e r  contaminants, 

Another more s u b t l e  error source i s  caused by f u e l  s t r a t i f i c a t i o n .  This 
may be caused by temperature g rad ien ts  w i t h i n  the f u e l  tank or by 
l i g h t l h e a v y  f u e l  g r a d i e n t s .  S t r a t i f i c a t i o n  may be " h o r i z o n t a l "  o r  
" v e r t i c a l "  o r  i t  may be non-ex is tent .  I t s  f o rma t ion  i s  i n f l u e n c e d  by such 
f a c t o r s  as tank aspect r a t io s ,  exp los ion  suppressant m a t e r i a l s ,  and r e f u e l  
and feed  system designs and miss ion p r o f i l e s .  Each a p p l i c a t i o n  should be 
evaluatéd t o  determine whether f u e l  s t r a t i f i c a t i o n  i s  l i k e l y  t o  be 
present ;  and i f  so, t o  what degree. Errors r e s u l t i n g  from h o r i z o n t a l  
s t r a t i f f c a t i o n  may be reduced through the use o f  d i s t r i b u t e d  compensation 
techniques. 
approaches should a l s o  be evaluated before s e l e c t i n g  a p a r t i c u l a r  
coinpensatkm method. 

Consider lng i n s u l a t i o n  r e s i s t a n c e  degradat ion,  wel l -designed tank u n i t s  
employ long leakage paths between the sensing elements t o  d i  scourage 
Contamination b u i l d u p ,  I n  some a p p l i c a t i o n s ,  i t  i s  prudent  t o  t r e a t  the 
tank  un! t c  w i  t h  coat ings hav i  ng non-hygroseopi c and water-sheddi ng 
p r o p e r t i e s ,  

However, as noted i n  4.3.3 (51, t he  disadvantages o f  these 

5. CONCLUSION: 

The precedjng d iscuss ions have attempted t o  p o l n t  o u t  the s i g n i f i c a n t  
error-causes i n f l u e n c i n g  the accuracy o f  a i r b o r n e  capacitance-type f u e l  
q u a n t i t y  gauges. Even f rom t h i s  s i m p l i f i e d  t reatment ,  i t  can be seen t h a t  
apprec iab le s k i  11 s and exper ience are r e q u i r e d  o f  the gauge designer i n  o rde r  
t o  produce equipment s u i t a b l e  f o r  a i r c r a f t  se rv i ce .  I n  a d d i t i o n ,  i t  has been 
shown t h a t  t he  a i r f rame manufacturer p lays  a c r i t i c a l  ro le  i n  the  at ta inment  
o f  the accuracy goals .  Furthermore, f a c t o r s  which are beyond the c o n t r o l  o f  
bo th  the a i r f r a m e  and gauge manufacturer can be s i g n i f i c a n t .  
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5. (Continued): 

The i n t e n t  o f  the  f o l l o w i n g  d i scuss ion  i s  t o  summarize the  h i g h l i g h t s  o f  the 
fo rego ing ,  t o  assess the  magnitudes o f  the  errors produced by the  
er ro r -caus ing  f a c t o r s  and t o  g i v e  some i n s i g h t  concerning the  means and costs 
i n v o l v e d  i n  minimizing t h e  more s i g n i f i c a n t  o f  these e r r o r s .  

By f a r ,  t he  most dominant f a c t o r  i n f l u e n c i n g  gauge accuracy i s  the  a b i l i t y  t o  
descr ibe  the  f u e l ' s  s t a t e  i n  the  tank i n s o f a r  as tank  geometry and a t t i t u d e  
are  concerned. Since t h i s  i s  t he  foundat ion  upon which the  gauge's accuracy 
s t r u c t u r e  r e s t s ,  i t  would be va luab le  t o  consider a p o s s i b l e  approach t o  
o p t i m i z i n g  t h i s  d e s c r i p t l o n ,  and thereby pe rm i t  t he  r e d u c t i o n  o f  e r r o r s  
in t roduced i n  t h l s  s tep  of gauge design. The f o l l o w i n g  procedure, i f  
p r o p e r l y  implemented, would pe rm i t  such o p t i m i z a t i o n .  I t  should be 
recognized, however, t h a t  improvements o f  t h i s  type  are  u s u a l l y  inade a t  some 
k i n d  o f  s a e r i f i c e .  The s a c r i f i c e  can r e s u l t  i n  adverse schedule t ime and i n  
the  added amount o f  c o o r d i n a t i o n  and l i a i s o n  necessary between the  a i r f rame 
and gauging manufacturers.  

Th is  procedure conta ins  t h r e e  bas ic  phases o f  work which are  descr ibed i n  the  
f o l l o w i n g  paragraphs. 

1.  A s  e a r l y  as p o s s i b l e  d u r i n g  the  a i r c r a f t  design phase, p r e l i m i n a r y  tank 
envelope data,  i n t e r n a l  equipment envelopes, and a i r c r a f t  a t t i t u d e  
i n f o r m a t i o n  are f u r n i s h e d  t o  the  gauging manufacturer.  Based on these 
data,  approxjmate q u a n t i t i e s  and l o c a t i o n s  o f  tank  u n i t s  a re  
es tab l i shed .  Desp i te  the  f a c t  t h a t  p r e l i m i n a r y  tank  da ta  o f  t h i s  type 
are  incomplete,  i t  i s  u s u a l l y  poss ib le  t o  e s t a b l i s h  the  number and 
approximate lengths  o f  the  r e q u i r e d  tank  u n i t s ,  and t o  e s t a b l i s h  t h e i r  
l o c a t j o n s  i n  the  tanks w i t h  an accuracy o f  about 2 t o  3 inches. 
I n f o r m a t i o n  a v a i l a b l e  d u r i n g  e a r l y  phases o f  a i r c r a f t  design, r a t h e r  than 
a f t e r  design o f  s t r u c t u r e ,  f u e l  s y s t e m  hardware, and o t h e r  a f f e c t i n g  
i tems have become w e l l  es tab l i shed,  i s  b e n e f i c i a l  i n  t h a t  i t  increases 
the  l i k e l i h o o d  t h a t  the  a i r f rame manufacturer w i l l  be ab le  t o  choose 
optimum l o c a t i o n  f o r  these u n i t s .  

2 .  A f t e r  t he  tank  geometry i s  f i n a l i z e d ,  the  gauging manufacturer may 
proceed w i t h  the  task  o f  e s t a b l i s h i n g  the  exac t  l o c a t i o n  and 
c h a r a c t e r i z a t i o n  of  each tank  u n i t .  
work e a r l i e r  shortens the  t i m e  r e q u i r e d  f o r  t h i s  second phase and enables 
the  gauging manufacturer t o  make e a r l i e r  re lease  o f  h i s  own t o o l i n g  
drawings. A t  t h i s  p o i n t ,  the  gauging manufacturer can prepare and submit 
a p r e d i c t e d  error ana lys i s  f o r  the  gauging sys tem.  
d e p i c t  t he  errors a n t i c i p a t e d  under the var ious  a t t i t u d e  cond i t i ons  
c p e e i f i e d .  

Cstnpleting t h e  f i r s t  phase o f  the  

Ph is  ana lys i s  would 

Fu r the r ,  f o r  a i r c r a f t  suck as f i g h t e r s ,  r e q u i r e d  system performance 
d u r i n g  e x t r e m e  o p e r a t i n g  a t t i t u d e s  must be s p e c i f i e d .  For example, a 
c r i t i c a l  f u e l  "Bingo" warning s y s t e m  might  be delayed or i n h i b i t e d  du r ing  
these extreme f l i g h t  a t t i t u d e s .  Other c r i t i c a l  concerns might r e l a t e  t o  
center  o f  g r a v i t y  management systems s ince  these systems t y p i c a l l y  use 
fue l  con ten t  s igna ls  f rom the  gauging system; spec ia l  p r o v i s i o n s  need t o  
be addressed for  such sys tems a t  the  onset o f  the  design cyc le .  
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5, (Cont inued):  

3 .  This  phase covers the  a c t u a l  l i q u i d  c a l i b r a t l o n  o f  the  first produc t ion  
a i r c r a f t ,  and permi ts  comparison o f  the  ac tua l  versus the  p r e d i c t e d  
errors. 
any undes i rab le  error sp ikes by t r imming the  c h a r a c t e r i z a t i o n  o f  one or 
severa l  o f  the  tank u n i t s .  

Data ob ta ined du r ing  t h i s  phase may be used t o  f u r t h e r  minimize 

Needless t o  say, i t  i s  v i t a l  t h a t  t he  a t t i t u d e  ranges considered for  a 
g iven a i r c r a f t  must be se lec ted  very conserva t i ve l y .  Otherwise, t he  
impacts on gauging sys tem cost and complex i ty  can be very seve re .  Only 
those a t t i t u d e s  which have r e a l  s i g n i f i c a n c e  i n  t e r m s  o f  a i r c r a f t  usage 
should appear i n  the  s p e c i f i c a t i o n .  P a r t i c u l a r l y ,  ground a t t i t u d e s ,  
normal cru1 se  atti tudes , r e f u e l  a t t i  tudes, and land ing  a t t i  tudes need be 
s p e c i f l e d .  A l l  o t h e r  a t t i t u d e s ,  such as h i g h  angles o f  c l imb,  descent, 
sk ids ,  s l i p s ,  e t c . ,  should n o t  r e q u i r e  high-accuracy gauging, s ince 
accuracy i n  the  more impor tan t  a t t i t u d e s  cou ld  s u f f e r  if these o t h e r  
a t t i t u d e s  were pe rm i t ted  t o  en te r  gauging s p e c i f i c a t i o n s .  

For example, a t  ground a t t i t u d e ,  h igh  accuracy may be s p e c i f i e d  for  the 
upper reg ions  o f  the  tank (say, from 2 / 3  f i l l e d  t o  f u l l ) .  
a t t i t u d e ,  emphasis on accuracy o f  a u x i l i a r y  tanks should be over the  
e n t l r e  range o f  f u e l  q u a n t i t y  (from f u l l  t o  empty), I n  the  c r u i s e  and 
land ing  a t t i t u d e s ,  h i g h  accuracy should be s p e c i f i e d  i n  main tanks for  
the  lower reg ions  on the  tank (say, f rom 1 / 3  f i l l e d  t o  empty). 

Al though i t  i s  d i f f l c u l t  t o  genera l i ze  i n  t h i s  area (as i t  will be w i t h  
respec t  t o  many o f  t he  subsequent f a c t o r s )  due t o  the  d i f f e r e n c e s  i n  
procedures, techn i  c a l  approach, e t c ,  , from one manufacturer t o  another,  
i t  Is be l i eved  t h a t  t y p i c a l  d e s c r i p t i o n s  o f  nominal tank geometry 
i n t roduce  gauging e r r o r s  o f  ~ 1 . 0  t o  &1.5% o f  i n d i c a t i o n .  The use o f  
numer i ca l l y  c o n t r o l  l e d  d r a f t i n g  machines can probably  reduce t h i s  error 
by a f a c t o r  of 1 .5  t o  2,O. 
these machines, bo th  i n  t e r m s  o f  the  machine costs themselves and i n  the  
cost o f  o b t a i n i n g  s k i l l e d  opera tors  for  them, i s  a s i g n i f i c a n t  ba lanc ing  
f a c t o r .  

I n  the  c r u i s e  

However, the investment r e q u i r e d  t o  in t roduce 

The s p e c i f i c a t i o n  o f  u n r e a l i s t i c  requirements for  tank  a t t i t u d e s  
in t roduces  cost p e n a l t i e s  ( n o t  t o  mention weight ,  complex i ty ,  e t c . )  which 
need n o t  be su f fe red  i f  r e a l i s t i c  requirements are used. I t  i s  est imated 
t h a t  gauging errors on the  o rde r  o f  +0.5% of f u l l  sca le p l u s  +-1.5% o f  
i n d i c a t i o n  are  i n t roduced  by t y p i c a l  s p e c i f i c a t i o n  o f  tank a t t i t u d e s .  
This  r e s u l t s  from the  i n a b i l i t y  t o  produce a t h e o r e t i c a l l y  p e r f e c t  a r ray  
o f  probes i n  a g iven tank,  even assuming t h a t  these probes are  i d e a l l y  
charac ter ized ,  and they are manufactured p e r f e c t l y .  To reduce these 
errors (and indeed, merely t o  achieve them) r e q u i r e s  the  utmost 
coopera t ion  between the  gauging and a i r f rame manufacturer,  as w e l l  as 
considerable techn ica l  s k i l l s  by both. 
the  number and e x t e n t  o f  tank s tay-out  areas i s  a goal which must be 
sought e 

I n  t h i s  v e i n  a l so ,  r e d u c t i o n  i n  
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5. (Continued): 

Maintenance o f  the specified tank dimensions during aircraft manufaeture 
is a further necessity, i f  accurate gauging i s  to be achieved. Due t o  
this factor it is estimated that typical gauglng errors of i1.0 t o  12.0% 
of indication are introduced by this factor. Once again, the 
introduction of numerically controlled manufacturing equipment, capable 
of holding exactlng tolerances can probably reduce this error by a factor 
o f  2.0. 

In instances where height-volume information must $ 2  generated at the 
required tank attitudes, error resulting from this step are on the order 
of &.5% o f  indication. In teriris of cost trade-offs, input data 
preparation for height-volume analysis must be such as to balance 
accuracy versus cost of preparlng the data, and o f  having it processed. 

After the tank unit locations are established, they must be 
characterized, errors determined, and i f  necessary t h e  tank unlts may be 
relocated and/or recharacterized to  minimize error extremes at the 
various attitudes. Typical errors resultlng from this speratlsn are 
-. 4 . 5 %  o f  Bull scale p l u s  +1.0% o f  indication. Here again, the skills o f  
the gauge designer should be considered as paramount, if an optimum 
gauging system is to result. In this phase o f  desIgn, end item costs are 
not especially Influenced. Were rather, is an interplay involving 
accuracy versus design costs; i.e., how well the system can be optlmized 
within the framework o f  schedule and engineering cost constraints. 

After this phase o f  work comes the actual design and manufacture o f  the 
system components. Considerable interaction exists between accuracy and 
end Item costs durlng this phase o f  work. Questions of tooling, 
procurement practices, caliber o f  manufacturing labor, manufacturing and 
quality control techniques, etc. , all influence the balance between costs 
and accuracy. Only the very skllled gauge manufacturer can balance these 
variables so as t o  obtain best accuracy and yet stay within the normal 
cost restrictions. For typical tank units, accuracies of 01.0% o f  
indication are reasonable; indicator deadspot error of ,r0.2% of full 
scale, and indicator linearity errors of &0.5% of full scale are likewlse 
reasonable. 

Still when all o f  the foregoing aspects of gauge specification and design 
have been control led and perfected , there are the "uncontrol 1 ab1 e'' 
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 k4% of indication. At the expense of adding a 
submerged compensator and i t s  associated wiring, compensated gauges can 
reduce these errors to about 11.5% o f  indication. 
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5. (Continued): 

Consider ing the  combinat ion o f  the above errors, i n  t e r m s  o f  o b t a i n i n g  an 
appra i sa l  o f  the  accuracy which may be expected o f  t y p i c a l  gauging 
systems,  i t  i s  n o t  meaningful t o  s imply  add the  va r ious  errors 
a l g e b r a i c a l l y .  Since many o f  the  e r r o r s  a re  random i n  nature,  a more 
r e a l i s t i c  app ra i sa l  may be ob ta ined  by us ing  a ' r s s  procedure. Using t h i s  
techn i  que, and the  small  e r  e r r o r - v a l  ues noted i n the  f o r e g o i  ng 
paragraphs, the f o l l o w i n g  errors r e s u l t :  

a. For an uncompensated gauge, errors o f  about 1% o f  f u l l  sca le near 
empty, I n c r e a s i n g  t o  about 5% o f  f u l l  sca le near f u l l .  

b .  For a compensated gauge, errors o f  about 1% o f  f u l l  sca le near empty, 
i n c r e a s i n g  t o  about 3.25% o f  f u l l  sca le near f u l l .  

c. For an advanced computerized system which employs compensation and 
a t t i t u d e  c o r r e c t i o n  e r r o r s  may be reduced t o  kl% o f  i n d i c a t i o n ,  lr0.5% 
o f  f u l l  sca le.  

If t he  g u i d e l i n e s  and recommendations o f  t h i s  document are f o l l o w e d  then 
i t  can be expected t h a t  the system w i l l  remain w i t h i n  i t s  accuracy band 
f o r  a g i ven  I n s t a l l a t i o n ,  a t t i t u d e  range and f u e l  type. However, o l d e r  
I n s t a l l a t i o n s  have r e q u i r e d  h ighe r  maintenace due t o  t h e i r  s u s c e p t i b i l i t y  
t o  w i r i n g  degradat ion (due t o  broken o r  grounding f a u l t s  on sh ie lded  
w i r i n g  v l t h  convent ional  AC systems),  water contaminat ion,  m i c r o b i a l  
growth, e t c .  Newer i t i s t a l  l a t i o n s  have addressed these problems ( for  
water contaminat ion,  5ee 4.3.3 and 4.4.5 and fo r  the e l i m i n a t i o n  of coax 
v l r f n g  by t h e  use OP DC systems,  see 4.3.5). 
c ! g n l f l c a n t  b e n e f i t s  of: the newer computerized gauging systems i s  t h e i r  
a b i l i t y  t o  per form se l f -n ion l t s r i ng .  These self-cheeks c o n s t a n t l y  moni tor  
the i n t e g r i t y  of the system p r o v i d i n g  a warning when the system i s  o u t  of 
tolerance or when a fault occurs.  

Probably one o f  the more 

In the l a s t  a n a l y s i s ,  however, o n l y  the exper ience and s k i l l s  o f  bo th  the 
a i r f r a m e  anel gauging manufacturer can keep the gauge sys tem under c o n t r o l  
'In t e r m s  o f  bo th  esst and accuracy. These sk ' l l ls ,  t he  s e t t i n g  o f  
r e a l i c t ' l c  goals,  and c o o r d i n a t i o n  d u r i n g  a l l  phases o f  the design 
a c t l v l t y  are the prime requ is1  t e s  for  ach iev ing  optimum gauge 
performance. 
paper. 

Table I summarizes the  errors discussed i n  the  t e x t  o f  t h i s  

F i g .  1 i s al  so 1 n c l  uded for  reference when refekr i  ng t o  m i  1 i t a r y  gauging 
system requirements,  
Table I .  

There i s  no d i r e c t  c o r r e l a t i o n  between Fig. 1 and 

COPYRIGHT SAE International (Society of Automotive Engineers, Inc)
Licensed by Information Handling Services

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r11

84
a

https://saenorm.com/api/?name=40c3dd3df8247020a69ca1957a5d29cf

