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‘j>peak level was reached when the diameter of the liquid layer became larger than the

19. ABSTRACT (Cont'd)

absorption cell. (The device was calibrated with decane and can observe vapor down to 1
part per million.\ Fuels have the same infrared absorption band.

Measurements were made of the leak rate from an aluminum sheet with a 6 mil pinhole.
The measurement cyclie started by first wiping the surface, then placing the air sampling
tube above the leak and drawing air through the absorption ce11:} The vapor in the
absorption cell increased with time due to liquid spreading over the surface. A steady

diameter of the sampling tube. , The leak rate is fit by the relation: Leak Rate =

13/t microliters per minute, where t is the time in minutes for the initial slope to
reach the peak level. With cortinuous monitoring, leaks of less than 0.1 microliters/
minute can be readily detected|in bays. (This is less than one tenth the rate to produce
a 1/4" spot in 6 minutes with the talc/dye method).

The performance of the brkadboard indicates that a portable fuel leak detector,
including batteries, would be [1"x2"x6" and weigh less than 1 pound.
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DEVELOPMENT OF A PORTABLE FUEL LEAK DETECTOR

I. INTRODUCTION

Fuel leaks inside aircraft equipment bays and other dry bays are a
potential hazard and pose a threat to the safety of aircraft systems and
personnel. Given sufficient confinement time the vapors can reach combustible
concentrations. It is desirable to detect the fuel leaks when the leakage is
very small. Depending on the leakage rate, leaks must be repaired either
immediately or during the scheduled normal maintenance cycle. In some
situations, the high density of equipment stored inside the bay makes
accessibility of certain regions very difficult and visual identification of
leaks practically impossible. An ideal detection system would be suitable for
both continuously monitoring individual areas within the bays for the presence

of a leak, and for manually probing identified areas to determine the exact
source of a leak.

The present method for determining the presence of a leak and the leak
rate is to make visual observations of the presence of a leak and then to
spray the region with talc powder containing a dye. Fuel from the leak wets
the powder and causes the dye to turn red. The leak rate is determined by
measuring the diameter of the red spot after 6 minutes. The initial detection
of the leak is usually by visual observation of liquid fuel on the outside
surface of the aircraft that is seeping from a bay.

Aerodyne proposes to detect fuel leaks by detecting the vapor which
evaporates from the exposed fuel. The vapor is observed by means of its
infrared absorption with a spectral correlation technique. This technique
allows the detection of very small concentrations (down to 1 part per million)
of fuel in bays. Also, it can accurately measure leak rates. This system
permits the rapid detection of fuel in areas that are practically impossible
to visually observe, and regions such as bays can remain closed during the
inspection for leaks. The measurement of the leak rate is similar to that

done with the powder. The region containing the leak is wiped clean and a

vapor sampling tube is placed over the leak. Because of the high sensitivity,
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=y the leak rate can be measured in seconds. The fuel vapor build up rate
U™
' determines the fuel leak rate.

This report covers the work performed in this Phase 1 SBIR program. The
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next section presents predictions of the performance of this fuel leak
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detector. Section III presents quantitative measurements of leak rates with
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the Aerodyne technique. Section IV describes the spectral correlation
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technique that is used to measure the fuel vapor concentration. The final
section summarizes the objectives and results of this program.
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II. METHOD FOR DETECTING FUEL LEAKS

The fuel leak problem has two aspects: a need exists for a highly
sensitive area monitor which can detect very low concentrations of fuel vapor
which will exist some distance away from the source of the leak. A need also
exists for a portable device which can be used to pinpoint the exact location
of a leak and which has the ability to probe areas having poor accessibility.
Figure 1 illustrates how fuel leaks in a dry bay can be detected. A sampling
tube leading from the portable fuel leak detector, PFLD, is placed in a vent
to the dry bay. A permanent installation of the fuel leak detector in the bay
would provide continuous monitoring for leaks. Some of the fuel leaking into
the dry bay area evaporates and the fuel vapor level builds up in the bay.
The air in the bay containing the vapor is sampled with the fuel leak detector
which has a high detection sensitivity. We shall show that fuel leak rates
below 0.1 microliter/min in the bay can be detected even if the air in the bay

changes only once every hour.

Once a fuel leak has been discovered, the next task is to determine the
leak rate. Figure 2 illustrates the method for localizing and determining the
leak rate. The dry bay area is open and the air sampling tube is rapidly
moved over surfaces with potential leaks to locate the region with the highest
fuel vapor level. The region containing a leak is dried with a cloth and the
vapor evaporated from the 1liquid leaving the hole is measured. This is
illustrated in Figure 3, the vapor concentration in the sampled air is shown
versus time. The 1/4" diameter sampling tube is placed over (but in contact
with) the leaking region; air containing fuel vapor evaporated from the liquid
fuel is pumped through the tube. The time in Figure 3 starts when the surface
is wiped clean. The liquid leaks at a constant rate and a 1liquid layer
spreads over the surface. The' signal increases until the 1liquid layer
diameter exceeds 1/4", i.e. becomes larger than the sampling tube. Then the
signal becomes constant because the evaporation from the liquid reaches a
steady state over the area of the sampling tube. The response of the fuel
leak detector for different leak rates is illustrated in Figure 4. Leak rates
in which the spot diameter reaches a 0.25, 0.75, 2.5, and 6 inches in six

minutes illustrates the range of operation of the system for leak rate

measurements.
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Figure 8, The PFLD Signal Versus Time for Fuel leak Rates that Produce
Spot Diameters of 1/4, 3/4, 2.5 and 6 Inches in 6 Minutes
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*3 The leak rate is determined by measuring the slope of the curve. For
Q@ example, measurements of leak rates larger than 0.75 inch spot diameter after
a six minutes can be made in 10 seconds; smaller leak rates can be measured in
3; 100 seconds. The readout can present the leak rate in uf/min or the
iag equivalent spot diameter after six minutes. We now present the calculations
af . that produced the curves shown in Figure 4.
é& Predictions Of Fuel Leak Rate

»
12: The fuel leak rate measurement using the Aerodyne system is based on the

following analysis. The measurement arrangement is shown in Figure 3. A 0.25

ﬂs inch tube is placed over, but not in contact with, the surface. Air flows
%?: over the liquid layer and is pumped through the tube to the fuel leak
’g detector. The flow geometry is illustrated in Figure 5.
::: A layer at the surface of the liquid is the region containing fuel vapor.
'%{ The vapor concentration in the layer varies from the vapor pressure at the
53 liquid surface to zero at the boundary layer air interface. The letters in
"y Figure 5 have the following meaning:
o
b S = Layer Thickness, cm
? . t = Liquid Fuel Layer Thickness, cm
"')- D = Fuel Spot Diameter, cm
gQ u = Air Flow Velocity, cm per second
é.:é Layer with
s Liquid Fuel Fuel Vapor

N Layer Ei Vi}:ﬁﬁ
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» Figure 5. Flowfield Over Liquid Fuel Layer
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The layer thickness, S, is approximately

(mDa/2u)1/2,

7]
"

where m = mean free path for molecular collision, cm; and a = speed of sound,

cm per second,
The amount of fuel vapor transported by the flow, Vg, is then given by

0.5 PubS = 0.5 pp3’%(maus2)'’?,

Ve
where Vg = is in cm3/sec; P = fuel vapor pressure in parts per million,

At 68 °F (20 °c), the vapor pressure of decane (CigH22), P, is
approximately 1700 ppm.

The conversion from fuel gas volume to fuel ligquid volume is
1 em3 of vapor (at 68 °F and 1 ppm) = T x 1076 mm3 of liquid.

The liquid volume evaporated (transported by the flow) Vg, in mm3/min or

pul/min, becomes
Vo = (60)(7 x 10°6)(0.5) pD3/?(maus2)'/?

Assuming the following values: u = 150 cm/sec, a = 30,000 cm/sec, m = 6 x
10=6 cm, and D = 0.635 cm = 1/4 in, then

(mau/2) = (6 x 10°8)(3 x 10%)(150)/2 = 13.5 cm3/sec?
s
‘\-.‘ﬂ»‘ )3/2

A Vg = (0.00021)(1700)(0.635 (13.‘5)1/2 = 0.66 mm3/min (u&/min)

For a liquid fuel layer thickness, t, of approximately 0.15 mm (6 mils),
a 0.8 p/min fuel leak rate will produce a liquid fuel 1/4" diameter spot in




‘uq six minutes.

For a 1/4" tube diameter, an air flow in the tube of 150 cm/sec and fuel

<+ . . -
i\' leak rates up to 0.8 ufL/min the liquid fully evaporates before growing to 1/4"
1 . .

.:‘_ diameter. For larger leak rates, the liquid layer does not completely
>
i evaporate.
L 4\

'%E‘e Thus, for fuel leak rates below 0.8 ul/min, the PFLD signal levels off
AL

::-.: before reading the level shown ir Figure 5. For fuel leak rates above 0.8
ﬂ" ul/min, the PFLD signal increases until the liquid fuel spot diameter is

slightly larger than the sampling tube diameter. During the period of time

'D:. when the PFLD signal increases with time, the rate of change of the PFLD
d"."i

Lo signal is proportional to the fuel! leak rate.

A

¥ The Boundary Layer Thickness, S, can be determined by using values of the
:;-...-J'_ above example

Vo s = (mpas2u)'? = ((6 x 10°6)(0.635)(3 x 104)/2(150)1"2 = 0.019 cm.
:;: For a PFLD tube standoff distance of 1 mm, the tube standoff distance is
5. »
t’g 5 times the boundary layer thickness.
-
J Leak Detection In Bays

-”’n

a
:-..;_' Leaks can be detected in a bay using the geometry shown in Figure 1. The
";:: PFLD sensitivity to fuel vapor is 1 ppm. Thus, measurements can be made when
the fuel vapor is 1 ppm in the bay.
o ";-_'

.-:‘

SN The fuel volume conversion from gas (at 68 °f and 1 ppm) to liquid is

(e

”
)‘-'('.;

(7 x 10'6) u liquid = 1 em3 gas or 0.2 uf liquid = 1 £e3 gas

If the air residence time in the bay is 1 hour, then the PFLD has the
ability to detect leak rates as low as

0.2/60 = 0.003 (u2/min) per cubic foot of dry bay.

8




#da In summary, the Aerodyne Portable Fuel Leak Detector possesses the
» ability to detect fuel confined to bays for leak rates well under 0.1 LL&/min.

Localization and leak rate measurement can be achieved for fuel leak rates
o below 1 u/min.
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ITI. MEASUREMENTS OF FUEL LEAK RATES

A breadboard fuel leak detection system was constructed, and preliminary
fuel leak measurements were obtained. The objective in this Phase I program
is to show how measurements of fuel leaks can be made with the system.
Detailed fuel leak measurements for different fuels and surface configurations

are beyond the scope of this Phase I program, and would be performed in a

follow-on Phase 1II program. The experimental arrangement is shown
schematically in Figure 6A. Decane was used to simulate fuel. Decane vapor
at different concentrations was fed into an absorption cell. The infrared
transmission of the cell produced readings depending on the decane
;;S concentration. The absorption measurements were made as follows. An infrared
'}5H glowbar source produced the radiation. Light from the glowbar went through a
f}:: multipass absorption cell and then to a detector. A chopper alternated
{» allowed light to pass alternately through one filter and then the other. The
;Tk: signal from the detector was amplified and sent to a phase-locked amplifier
;:&: which was phase locked with the chopper. The output was read on a voltmeter.
.;ﬂ; The concentration of decane in the absorption cell was controlled with a flow
’ system. Nitrogen gas flowed into two paths, one with pure nitrogen, and the
f};: other with nitrogen bubbling through decane. The bubbles were small enough so
-%5% that the nitrogen became saturated with decane vapor. The flow through the
};i two systems was determined with flowmeters. Let Vy be the pure nitrogen flow
:j‘ rate, and Vp be the nitrogen flow rate through the decane bubbler. The
;; -~ concentration of decane vapor in the absorption cell is given by
'
:Eés Vp
1 c =P —
. VN + Vp
WS
:éi P is the vapor pressure of decane at 68 °F; the vapor pressure is
b
o p = 1700 ppm
;.‘ !
jﬁf The flows in the decane bubbler were varied, and the range of values of
E%h the flows were
'ﬁk" Vy = 0.8 cfm; Vp = O to 0.1 cfm
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Figure 6A. Apparatus for Calibrating PFLD System with Decane Vapor
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Figure 6B. Apparatus for Measuring Decane Leak Rates
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=}$ The output of the lock-in amplifier in millivolts as a function of the

al

f?{ decane partial pressure in ppm is shown in Figure 7. The absorption cell had

v 0 to 190 ppm of decane in nitrogen. Note that the curve is linear; thus the
\l

:34? : output of the lock-in amplifier is proportional to the concentration of

]

:gi decane. The relation between the signal and the decane concentration in ppm,
D

i C, is given by

e

;;:' Signal [millivolts] = 0.22 C
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Figure 7. The Fuel Leak Detector System Calibration with Decane Vapor

02
E In the follow-on Phase II program the linear results would be obtained
i.. for the different fuels. The noise of the lock-in amplifier is 0.2 mV and

" this corresponds to a pressure of approximately 1 ppm. Thus, this system is
f*ﬁ linear to over 190 ppm and has a noise level of about 1 ppm.
ot
&Z The apparatus was then used to measure the decane leak rate. Similar
! results are expected for the different fuels. The experimental arrangement is
.*Q shown in Figure 6B. The same optical and detection system is used. However,
2N
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the flow system was changed. Tygon tubing, 6 mm I.D., was connected to the
absorption cell. The other side of the absorption cell was connected to a
blower, and air was sucked through the tygon tube, the absorption cell and the
blower., A flowmeter set the flow rate at 0.1 cfm. At this flow rate, the

flow took 0.4 seconds in the tygon tube and 3 seconds in the absorption cell.

The apparatus for producing a controlled decane leak rate is also shown
in Figure 6B. An aluminum plate with a 6 mil hole was used for the leaking
surface. The plate was connected with a tube to a microsyringe in which one
turn of the syringe was ten microliters. A variable speed motor was coupled
to the syringe with an "0" ring. The leak through the hole in the aluminum

was produced by turning the microsyringe at a constant rate.

The tygon tubing connected to the absorption cell is placed in
contact with the aluminum surface, the edge is notched so that only four
points of the tygon touched the surface, the rest permitted flow across the
surface. The notches are approximately 1 mm deep. Measurements were made of
the output of the lock-in amplifier as a function of time for different leak
rates. The results are shown in Figure 8. Zero time is at the start of the
decane 1liquid leak. The decane concentration in the absorption cell is
plotted versus time for three leaks rates, 3.5, 7.3, and 10.0 microliters per
minute. Note that the curves rise linearly and then saturate at approximately
35 ppm of decane in the absorption cell. The time to reach the saturation
level with the initial slope is indicated with dashed curves in Figure 8, and
equals 4.5, 1.7, and 1.3 minutes for the 3.5, 7.3, and 10.0 microliters per
minute leak rate. These results are shown in Figure 9, where the time, t;, to
reach the peak with the initial slope is plotted as a function of the leak
rate in microliters per minute. The data shown in Figure 9 can be fit with
the relation

(leak rate) = 13 pR/tj
1 AS initial slope
where (1/tj) = — | — |=
Sp At peak signal
13
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y': where S is the signal output of the lock-in amplifier, and Sp is the peak

:; . level. Thus, the leak rate can be determined by measuring the time to reach

the saturation level.

?:} The absorption cell calibration data as well as the leak rate
measurements are preliminary and illustrate the method for determining leak
rates. A major task in the Phase Il program would be to establish measurement
at techniques for different fuels and different types of surfaces. The
' 1 calibration constants for different fuels would be incorporated into the
e electronics. The output meter would present: (1) the fuel vapor

concentration, or (2) the leak rate in microliters/minute.
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IV, FUEL LEAK DETECTION SYSTEM

Shlenl

-
=

Technical Background

The spectra! correlator concept is illustrated in Figure 10. A glowbar

2P IIS

rod heated up to 1500 K is used for the infrared source. Light from the

giowbar 1s focused in a gas absorption cell, refocused on a pair of filters,

-

and finally refocused on a single detector. The gas absorption cell is filled

A R

with sampled gas containing wet or dry air with varying concentrations of fuel
- vapor. Half of the glowbar rod is focused on Filter 1 and the other half is
focused on Filter 2. A chopper wheel alternately exposes one half or the
other half of the glowbar. Thus, alternately Filter 1 and Filter 2 are
1lluminated. Light from both filters is focused on the infrared detector.

v o san 8]
<'.‘-"."o'.

The detector alternately sees radiation from Filters 1 and 2. The detector

5

signal is processed with a lock-in amplifier for the difference in the light
intensity transmitted through the two filters. The difference signal |is
integrated for about one second. We shall show that the difference signal is

- e
‘oY ..

proportional to the fuel vapor concentration.

Chopper Wheel

Infrared Detector
Gas Absorption Cell

: Filter #1-

’
K>, _ -
;. T - ——’—_‘--"’ - §\\\ ——"'-.-—-
1% o
(L™
)
: Lens Lens Lens
o Filter

#2

N Glowbar
- Infrared
': Source

.
A
0 Figure 10. Schematic of Infrared Spectral Correlation System
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nﬁ: We now describe the operation of this system and the selection of the
O infrared Filters 1 and 2.
\.' ‘.
fsf General Concepts
"
! ,._j
R, The objective is to measure trace levels of jet fuel vapor in air using
N the infrared absorption of the vapor. By comparing the absorption in two
sy
'f; spectral regions, a differential measurement can be made which eliminates the
;;ﬁ need for a highly stable, calibrated infrared source. However, at the
q 3 wavelengths with significant fuel vapor absorption, there can also absorption
by air molecules, in particular, water vapor. The water vapor content of air
0'.
&5 is highly variable. Fortunately, the water vapor absorption is weak in the
(]
! spectral region where the fuel vapor absorption is strong; 1 part per million
(0 of fuel vapor in air has stronger absorption than water vapor absorption at
§T? 100% relative humidity at 73 °F. Thus, the design of the system does not have
2:; to consider water vapor absorption.
A
R .
:\:‘ Analysis
s
dr Consider the two spectral bands for Filters 1 and 2. The observed

signals Sq1 and Sp, through Filters 1 and 2, due to fuel vapor concentration C
") are

J
o Sy (C) = J IL Rty expl- a C &) d) (1)
7]
> S2 (C) = [ IL Rtp exp(- B C 2] dA (2)
’ 2
where a and B are the fuel vapor absorption coefficients in spectral bands 1
and 2. A& is the optical path length in the absorbing medium; I is the lamp
intensity; R 1is the response of the detector, and Tty and Tt are the
.- transmission of the optical trains, including Filters ! and 2, respectively.
T
."::.
.:»: We choose the bands so that the following conditions are satisfied:
,;'.
" ! o The signals are the same with no absorption in the cell,
Ha )
’
by 18
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! S1(C = 0) = SH(C = 0) (3)

JILRT1dA = JILRt2dA
1 2

o] The absorption by the fuel vapor is much larger in spectral region 1
e than in region 2,

Y a » 8B (%)
s If the absorption is small, then Equations 1 and 2 become

Sty Sy (C)

JILRty [1 - acC 2] dr (5)
1

o and

N Sz (C)

R

JILRt2 [1-8C 2] dA. (6)
2

Tad The difference signal AS becomes
) AS = Sy (C) -8 (C)

it = [S9(C =0)-S2(C =0)1-C2I[fILRtya dx - [ IL RtoB dA].
: 1 2 (7

" Applying the conditions presented in Equations (3) and (4), we obtain

o) AS = C & [ IL RatqdA (8)
Y 1

::::: Equation (8) is the final result. Note that the difference signal AS is
al

$' directly proportional to the fuel vapor concentration C . Thus, the spectral
o

correlator system can measure fuel vapor directly.
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Selection of the Infrared Filters

We now apply the spectral correlator technique to the measurement of
‘*@ : small concentrations of Jet fuel vapor. We require that the spectral region
for Filter 1 has strong infrared absorption by the fuel vapor. Figure 11
shows the spectral transmission of octane, decane and tridecane (typical
components of jet fuel) in the region from 2.5 to 5 um. The strong absorption
band is between 3.35 and 3.5 um for all three species. Figure 12 shows a
detailed transmission spectrum for decane in the 3 to 4 um region. Thus, we
select Filter 1 to transmit around 3.40 um (2940 em™ ).

The main atmospheric absorption is by water vapor. Figure 13 shows the
transmission of water vapor in saturated air at 20 °C. Since in most field
situations the concentration of water vapor is unknown, the water vapor
uncertainty could be the limitation to the lowest measurable jet fuel vapor
concentration. Fortunately, in the spectral band for decane absorption, the
H>0 absorption is less than 0.003, below the detection sensitivity of the
system., Filter 2 is selected so that both the decane and the water vapor
absorption are small in its spectral passband. We select the band from 3.5 to
3.7 pm.

Decane Absorption Coefficient

Experimental measurements of the absorption of decane gas were carried

out by APC, using the experimental arrangement shown in Figure 14.

Light from a glowbar infrared source, S1, is made parallel with the |
mirror, M1, the light traversed a 24" absorption cell and is focused with
mirror, M3, on a monochromator. The 1light exiting the monochromator is
focused with mirror, M4, on an infrared detector. The light is chopped with
the rotating chopper blade, C1. The output signal of detector, D1, is fed
into a lock-in amplifier synchronized with the chopper. The output of the
locked-in amplifier goes to a chart recorder. The gas in the absorption cell
is controlled with a flow device. High pressure nitrogen is divided into a
line going directly to the absorption cell, and a line bubbling through decane

and then to the absorption cell. The flow rates of nitrogen in the two lines

20
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Figure 11. Infrared Absorption Spectra for Octane, Decane and Tridecane

Note: Absorption at 3.4 um is similar for these species
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Figure 12, Transmission of Decane Vapor
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AR are set with flowmeters. The decane absorption versus wavelength is obtained
SRS
it by moving the monochromator grating. The results of measurements with 300 ppm
_ decane in the absorption cell are shown in Figure 15. There are three lines
RS
T at 3.36, 3.40, and 3.48 micrometers. The transmittance at the peaks of these
3:} lines is 0.65, 0.47, and 0.74. The selection of the filter to measure decane
*:3 uses the most absorbing portion of the spectrum.

)
:53 The absorption coefficient, a, is determined from the following equation
:ﬁt for transmission through a gas.
’\.}\
’-_‘ ™

T = I/lg = exp(- Cal)

,.\‘ -

I
- T = Transmission

4 'l‘

= Intensity of radiation emerging from gas path

T 8
(o]
"

Intensity of radiation entering gas path

;;f C = Concentration (Atmospheres)

s 2 = Path Length (Centimeters)

-f;' a = Absorption Coefficient (Atm"Cm'1)

;:E: The experimental parameters for the decane spectrum were:

e

;%ﬁ Ambient Temperature: 20 °C (nominal)

:) Decane Concentration, € 300 ppm = (3 x 104 Atm)

;J?j Path Length, % 61 cm = (24 inches)

2

f;;z The values for a are: 24, 41, and 16 atm™! em! at 3.36, 3.40, and
{fl 3.48 um, respectively.

e

;5;5 Using the value of the absorption coefficient at 3.40 um, the
zii transmission can be readily calculated for other path lengths and decane

concentrations. The table below p -ovides values of transmission for a 40 inch
" path length,
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Path
R Length Concentration
. inches {ppm) Transmission Absorption

s 40 1 0.997 0.0025
3 40 10 0.975 0.0250
25 40 100 0.779 0.250

1Y The sensitivity of the breadboard system to be described later can
e observe an absorption of 0.003 which corresponds to 0.8 ppm decane.
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-‘ V. OPTICAL SYSTEM DESIGN

S

" The Portable Fuel Leak Detector (PFLD) optical system design is
}:{: illustrated in Figure 16. The glowbar source (S1) is imaged 1:1 onto the
‘i: entrance of the absorption cell (AC). The glowbar dimensions are
Dy approximately 0.060" (H) x 0.200" (W).
it
»f'ﬂ Lens L1 images the source onto the slit. L1 has a 1" focal length and an
3#“ effective aperture of 0.25". The object and image distances of L1 are both
335 2", so that the lens operates at /8.
,:ﬁ& The absorption cell mirrors, M1, M2, and M3 all have 4" radii of
:S; curvature. M1 is a nominal 1" in diameter, with M2 and M3 having a nominal
qgi diameter of 0.5". M2 and M3 thus operate at an effective f/# of /8.

a2
'bf Lens L2 relays the output image of the absorption cell at 1:1 onto a
‘ﬁj chopper (C1). L2 has a focal length of 1" and an effective diameter of 0.25".
3 The object and image distances are both 2" so that the lens operates at f/8.
"
:.j: L3 serves as a field lens. It has a focal length of 1" and is located
Epf: Just after the pair of filters, F1 and F2, and the chopper wheel. It is
b, nominally 2" from both L2 and the PbSe detector (D1) so that it images L2 onto
) D1. For practical reasons, L3's object distance is slightly greater than 2"
‘}i: (approximately 2.25") and its image distance is slightly less than 2"
;jﬁ (approximately 1.80"). Its effective diameter is slightly in excess of 0.25".
o
D! is 0.6 cm x 0.6 cm in size and transduces the received infrared power

o into an electrical signal. The output of the detector is amplified and then

goes to a lock-in amplifier.

- 10

!

The filters F1 and F2 are each 0.5 em x 0.5 cm area and are in contact
making a filter pair 0.5 cm x 1.0 cm. The chopper wheel C1 alternately covers
F1 and F2. The spectral response of the filters is shown in Figure 17. A
knife edge partially covers filter F2 and is adjusted for "zero" difference

signal with no absorption in the White cell to satisfy the conditions of
» Equation (3).
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In order to make absorption measurements of air samples the White cell is

B enclosed. Windows W1 and W2 permit the infrared radiation to enter and leave
the White cell.

o
2)._
2_) The Absorption Cell is based upon the work of White (Reference 1). The
é&;. design requirements call for a total path length of approximately 40" (about 1
1 meter) in a "small" envelope. The White configuration ‘s illustrated in
itiﬁ Figure 16. To achieve these objectives, four basic configurations were
3\:§ analyzed. These four configurations are defined below.
Vg
oo
. M2, M3
AR M1 Diameter Width Cell Length Number of
e Configuration (inches) (inches) (inches) Passes
R 1 0.50 0.25 2 20
L~ )
i 2 1.00 0.50 2 20
L2 3 1.00 0.50 4 12
o
Yy y 1.00 0.50 y 20
r‘.f’
-
e To determine their effectiveness, the designs were analyzed in terms of
" aberrations and adjustment sensitivity. As stated in Reference 2, "In a
bn » n
‘0N multiple-reflection system, astigmatism can 1limit the maximum attainable
AN
,}*3 number of passes even more than reflectivity. This aberration causes an
:..f increase of the size of each successive image and eventually image
;?. overlapping"”. The alignment problem was alluded to by White in Reference 3,
j: where he states, "With the improved multilayer coatings now available,
‘5; reflectivity need no longer be limiting, and many more passes would be usable
thf if alignment problems were not prohibitive".
e
'\.:_\:
N
\-‘,'-l
Pa e
- 1. White, John V., "Long Optical Paths of Large Aperture", J.0.S.A., Vol.
v“i* 32, May 1942, Pages 285 - 288.
'i 2. Horn, D. and G. C. Pimentel, "2.5-km Low-Temperature Multiple-Reflection
*: Cell", APPLIED OPTICS, Vol. 10, No. 8, August 1971, Pages 1892 - 1898.
X
= 3. White, John V., "Very Long Optical Paths in Air", J. Opt. Soc. Am., Vol.
_. 66, No. 5, May 1976, Pages U411 - 416.
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Techniques for estimating the aberrations due to astigmatism are
Jdescribed in References 4 and 5 and were used to analyze the performance of
the four Absorption Cell configurations listed above.

The results of the aberration analysis are summarized in the following
table.

Vertical Horizontal
Image Plane Image Plane M1
M2, M3 No. of Size Size Diameter
Configuration £/ Passes (inches) (inches) (inches)
1 8 20 0.302 0.038 0.500
2 4 20 0.663 0.301 1.000
3 8 12 0.310 0.029 1.000
4 8 20 0.353 0.075 1.000

%

Configurations 1 and 2 pose potential problems because the two aberrated
rows of images occupy such a large percentage of M1's diameter. In order to
have room for the input and output windows, M1 must be partially cut away
which further compromises these configurations, Configurations 3 and 4, on
the other hand, use less than 50% of M1's diameter for the images.

The third configuration will produce the image configuration on M1 that
is illustrated in Figure 18.

In addition to consideration of the effects of aberrations on the
performance of the absorption cell, consideration must also be given to the
need to adjust and align the three mirrors comprising the Absorption Cell. As
the number of passes through the Absorption Cell increases, the alignment
becomes more critical and the reflection losses increase. Configuration 3
requires only 12 passes and 11 reflections, compared with configurations 1, 2,
and 4 which require 20 passes and 19 reflections.

4, Reesor, T. R., "The Astigmatism of a Multiple Path Absorption Cell", J.
Opt. Soc. Am., Vol. 41, December 1951, Pages 1059 - 1060.

5. Edwards, T. H., "Multiple-Traverse Absorption Cell Design", J. Opt. Soc.
Am., Vol. 51, January 1961, Pages 98 - 102.




,: o-l e

N Figure 18. M1 Image Pattern for Selected Absorption Cell Design

— M3 | Me

Figure 19. M2 and M3 Mirror Configurations
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While the Absorption Cell mirrors could be made with very low loss
coatings to reduce reflection losses, the PFLD was constructed with more
conventional reflection coatings and hard overcoatings. The reflection losses
are somewhat higher, but mirrors can withstand routine handling and cleaning.
Using an assumed reflectivity of 96%, configuration 3 produces a reflection
loss of 36% compared with a 54% loss for configurations 1, 2, and 4.

The M2 and M3 mirror configurations are illustrated in Figure 19. Both

mirrors are made from a common blank to insure matched characteristics.
To place the image surface at the surface of mirror M1 requires provision
for axial adjustment of M1 relative to M2 and M3. This adjustment is made by

translating M1 relative to M2 and M3.

PFLD System Calibration

The fuel leak detection system was calibrated by varying the
concentration of decane in the absorption cell. The cell calibration with
decane shown in Figure 7 used the apparatus shown in Figure 16. The flow

rates of the pure nitrogen and the nitrogen loaded with decane vapor are

controlled separately, thereby producing different concentrations of decane in
the absorption cell. The decane partial pressure in the absorption cell, C,

is given by
C = PVp/(Vp + V§) (9)

where P is the decane vapor pressure; Vp is the flow rate in the decane
flowmeter; and Vy is the flow rate of the nitrogen gas. The decane vapor
pressure is 68 °F = 1700 ppm. Figure 7 shows the calibration of the PFLD
using decane. The difference signal obtained with the lock-in amplifier is
plotted as a function of the decane concentration in the absorption cell.
Measurements were made for decane concentrations from about 30 ppm to 200 ppm.
The noise of the system was 0.2 mV, which corresponds to a noise equivalent
decane concentration of approximately 1 ppm. The PFLD is adjusted for zero
difference signal when there is no absorption in the absorption cell. Thus,

the signal is proportional to the decane concentration.
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VI. SUMMARY

The objective of this program is to evaluate the spectral correlation
technique for measurement of fuel leaks in aircraft. There are two
applications: (1) to continously monitor enclosed bays for fuel leaks, and (2)
to measure the fuel leak rate after determining that a leak has occurred. The
first application requires a rugged, reliable and inexpensive device that can
be mounted in aircraft bays and continuously monitor for fuel leaks. The
second application could use the same device with a battery attachment for
ease in handling by personnel to measure fuel leak rates. The size of the
device, including batteries, would be 1" x 2" x 6" and weigh less than 1
pound. It would be particularly useful in situations where the equipment
stored in bays makes accessibility to certain regions very difficult and
visual identification of leaks practically impossible.

In this Phase I SBIR program, tests were performed with a breadboard
spectral correlation device to determine the detection sensitivity and develop
a technique for fuel leak measurements. The system determines the presence of
the fuel vapor in air by measuring the absorption of infrared radiation by the

vapor. Air to be analyzed is sucked into an absorption cell through a 1/4"
sampling tube. To detect the presence of a fuel leak in a bay region, the air
in the bay would be sampled. Fuel leak rates of less than 0.1
microliters/minute can be readily detected in bays. (This is less than 0.1
the rate to produce a 1/4" spot in 6 minutes with the talc/dye method). The

N .

main emphasis of the study was to demonstrate fuel leak rate measurements.

S

71 o W Ay

Section Il predicts the performance of the system for leak rate measurements.
The sampling tube is placed over the location of the leak and the increase of
the vapor with time gives a direct determination of the leak rate.

Section III treats the measurements made with the device. First the
device was calibrated with decane vapor. The output signal is proportional to
the decane concentration in the absorption cell. The decane concentration is
obtained from the simple relation

Decane concentration (in ppm) = (4.5) Signal (in mV)

3
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The concentration of different fuels would be obtained from a similar formula,
but with different calibration constants.

Measurements were made of the leak rate from an aluminum sheet with a 6
mil pinhole. The measurement cycle started by first wiping the surface and
then placing the air sampling tube above the leak. The increase in the vapor
in the absorption cell was measured and this increase is due to the liquid
spreading over the surface. The concentration in the absorption cell
increases with time until reaching a steady level, which occurs when the
diameter of the liquid layer becomes larger than the diameter of the sampling
tube. In section III we show the leak rate to be inversely proportional to
the time, ti{, to reach the level portion using the initial slope of the curve.
The leak rate for decane is given by the relation

Leak rate (in u2/min) = (13 pR)/tj

where tj = Sp/(dS/dt) is in minutes, S is the signal, and Sp is the signal
of the level portion. (dS/dt) is the initial slope of the curve.

Thus, by measuring the signal at the level portion and the initial slope,
one has a direct determination of the leak rate. It is expected that the
level portion can be determined with calibrations and inserted in the
software, thus the only requirement is to measure the initial slope to obtain
the leak rate. tj was determined from three leak rate measurements, for leak
rates of 3.5, 7.3, and 10 uf/min.

The purpose of this Phase I program was to evaluate methods for detecting
fuel leaks in bays and to measure fuel leak rates. More work is required to
obtain detailed calibrations for different fuels, and to evaluate the effects
of surface curvature and roughness. This report shows that a leak rate method
works in the laboratory according to predictions. However, the true utility

of this system will only be determined from measurements in the field.

Section IV describes the spectral correlator system and the procedures
for selecting the components of the absorption cell and the infrared spectral

filters. A breadboard system was assembled, and has a 1 ppm sensitivity for
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decane vapor. Fuels have similar absorption coefficients and thus have the
same detection sensitivity.

jx . In summary, this program demonstrated that fuel leaks can be detected and
N leak rate measurements can be made. This device can be made small, rugged,
o

3 ) and portable, about 1" x 2" x 6" in size and weighing less than a pound
including batteries.
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