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Abstract. For the detection and identification of hydrocarbons and other vola-
tile organic compounds (VOCs) conceptual design of a compact hyperspectral
instrument with high spatial and spectral resolution was developed. This paper
presents the calculation of the optical thickness of the medium ranges and an
evaluation of the measurement uncertainty for the different spectral windows of
atmospheric transparency. The optical system, the analytical design and calcula-
tion of energy, and the algorithm for selecting optimal parameters for the sys-
tem were developed on the framework of the Offner scheme.
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1 Introduction

The extraction and transportation of hydrocarbons is now the dominant sector of the
Russian economy. There are now more than 930 thousand km of gas and oil pipelines
in Russia. In light of the consequences of ecological problems, the loss of raw materi-
als due to large and small leaks, and increased incidences of illegal tapping of gas and
oil pipelines, there is an increased need to secure monitoring of the infrastructure and
complexes to control the proper technical condition of each portion of the system [1].
The Analysis of the known methods and means for monitoring gas and oil pipelines in
the optical range from the aircraft (helicopter) showed that they all carry a high prob-
ability of errors in the identification of breakdown. The optoelectronic equipment
designed for these systems does not provide a solution to all problems. In particular, it
has problems in small leak detection and the identification of gases with in-time the-
matic maps building. In addition, monitoring systems are usually purchased in foreign
countries and come at a heavy cost [2-5].
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There is a necessity to create and develop small and compact monitoring systems for
use in the field and in remote areas with a broad scope and application versatility,
enabling to analyze and identify hydrocarbons and other volatile organic compounds
(VOCs) based upon their detailed spectral characteristics.

The uniqueness of the hyperspectral system is it opportunities to fix the light at hun-
dreds of very narrow spectral bands, which make it possible to assess the phys-
icochemical properties of the objects. To collect the "hypercube" (cubic model image)
the investigated scene is scanned along the direction of motion of the platform, at the
same time collecting the second dimension of the detector’s entire spectral infor-
mation. The main advantage of this mode is a synchronous linear dispersement while
collecting the spectrum without the need for post-processing [6-9].

An Unmanned Aerial Vehicle (UAV) is equipped hyperspectral module, able to col-
lect the spectral and topological data in a high-resolution area of interest without sig-
nificant costs (Figure 1).
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Fig. 1. The scheme for obtaining hyperspectral data

In this paper, we propose a method and a means of monitoring gas and oil pipelines
on board aircraft, including UAVs. As a method for assessing the state of the gas and
oil pipeline proposed hyperspectral analysis, as well as a means of compact hyper-
spectrometer based on the Offner schemes.

Figure 2 shows a block diagram of compact hyperspectrometer for monitoring of oil
and gas pipelines in the spectral ranges (1-2.5; 3-5; 8-11) microns. The main func-
tional blocks —multispectral objective (2 = 8.5%; 1:1.5); spectrum analyzer on the
framework of the Offner scheme; photodetectors block.
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Fig. 2. Structural diagram of hyperspectrometer.

2 The calculation of signal/noise ratio

To estimate the optical depth of the medium range, carry out calculation of sig-
nal/noise ratio in the obtained spectrum of the registration of hyperspectral images of
spectral intervals corresponding to the windows of atmospheric transparency. In this
case, we assume that the aperture size of the input window, the spectral and spatial
resolution for devices on different spectral ranges, remain constant.

Consider the spectral range of 8 to 11 microns.

The maximum stream that may occur in the study of underlying surface of the Earth
may be considered stream emitted by a black body (with emissivity equal to one),
having a temperature of about 320K. The integral stream of a black body with a tem-
perature that emits in the spectral range of 8-11 microns is:

Bg.y, = 4.4-10"3Watt / cm?sr.

The solid angle in which the individual pixel of matrix detectors receives emission is:
Q=S /h%*=221.10"sr,

where Sg — area of Earth, the size of which is covered by one pixel detector (
47mmx47mm ), h —distance to device 100 m.

If we accept that the area the input window of device is aS,; =12.57 cm?, the total

transmission scheme can be accepted as t = 0.7, the integrated stream on detector re-
ceived from a black body at O=320E :

® =By, QS 1= 44-10°.221.107-1257-0,7 = 8.56-10 Watt.
Assuming that the energy of a quantum for a wavelength 10 microns is

Aqt 10 = % =2-10"2° Joule , the number of quanta per one pixel of the detector inte-

grated flux in the spectral range of 8-11 microns:
Ng¢ =4.28-10" quantum per second.

The hyperspectral device has a spatial encoding wavelength. Coming in on the grating
integrated emission is divided by the number required for the registration of the spectral
ranges, and each of these divided emission parts registered individual pixels (really,
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mostly by one pixel accounts for only part of the small stream as a spectral interval must
be recorded, at least, two pixels). Consequently, in the best case, one pixel comes (in
this range, to a first approximation, we can assume that the energy is distributed uni-
formly over the entire spectral range) Ng¢ peax = Ngt / 1 where 1 - number of spec-
tral ranges. IfI =300, then Not. peak = 2.14-10° quantum per second. For the cho-

sen system of registration and selected parameters of the device, the averaging time is
about 10 ms, with a conversion efficiency of 0.6.

The value of the signal is Sy —8.58-10° electrons, the value of noise is:
Npoise = 1000 electrons.

S/N ratio in the range of the maximum signal isy = 8580 =79 dB .

Consider the spectral range of 3 to 5 micrometers under the same conditions:

Bs 5 =3.5-10 *Watt / cm?sr ;

® =B, 0S,t= 35-10*.2.21.10"-12.57-0.7 = 6.8-10 °Watt ;

A4 =510 Joule ;

Ny = 1.36-10™ quantum per second.

Ngt. peak = 4.53-107 quantum per second.

The hyperspectral device has Sy = 4.53-10" -0.01-0.6 = 2.72-10° electrons with the
noise of N, = 1000 electrons.

S/N ratio in the range of the maximum signal isy = 272 =49 dB .

Other spectral ranges are calculated, substantially, in the same way, but in place of own
blackbody radiation at a certain temperature, the integral of the reflected solar energy is
used with maximum albedo of 0.7.

Consider the spectral range of 1-2.5 microns, wherein assume that the albedo for maxi-
mum signal isac= 0.7:

B,.,5 =5.7-10Watt / cm?sr ;

@ =By ,5QSt= 57-10°.2.21.10"-12.57-0.7-0.7 = 7.76 -10 °Watt ;
Ay, = 107 Joule ;

Ny = 7.76-10"° quantum per second;

Nt. peak = 2.6-10® quantum per second.

Assuming the conversion efficiency of 0.6, signal acquisition time 10 ms, the value of
the signal is Sy, —1.56-10° electrons, detector noise is 1000 electrons, S/N ratio is
equal to y =1560 = 64 dB.
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3 The calculation range of optical depth

In remote monitoring, the obtained spectrum area containing volatile organic com-
pounds (VOCs), allows for the simplification allocation algorithm echo. Its power is
determined by the following expression relative to an emission wavelength ; [9]:

@)

~ k

P(4)=K(4)Py(4 )exp —ZZJ‘{Z N;(z)o; (ﬂi,z)dzJ—Z.ng(Zi,z)dz ,

where By —power emitter; L —distance to area of VOCs; o (4,z) —an indicator of
scattering; £(4,z) — an indicator of atmospheric attenuation; K(4,,z) — the

number of gas components; N (z) — the concentration of harmful compounds. This

ratio can be used to determine the threshold characteristics of the spectrum, consider-
ing required amount of signal/noise ratio for the detector. The transmission coefficient

of VOC area is tyoc =exp(—Dyoc ) and for the scene is 1, =exp(-Dy, ), where D
—optical depth.

The observed spectrum area of VOCs at a specified wave number can be expressed as
the following expression:

Y(v) = Bye Do Doe 4 B (1—e~Boc ) Pxe 4 P, (1—e7Oxe), (2)
where: @, — the emission spectrum of the components Earth surface;
P.(v,T;), P,(v,T,)— Planck function with temperatures T, (area of VOCs) and T,
(researched scene).

At a concentration of VOCs is equal to zero ( D, =0), the spectral component is de-
fined as:

Yo (v) = Dpe P5c + P, (1—ePsc), 3)
where ®, may be represented as:

@, = Y, - P,(1—e ")

oo @

On the basis of the relations (4) and (2) transmission coefficient of VOCs area can be
defined as:

Y —P, + APe P

()
Y P, + APe P

Tvoc (V) =exp(—Dyoc) =

where AP =R - P,.

This expression is defined for temperaturesT;, T, and the height of area of VOCs
and it can be simplified by adopting T, = T, (which is typical for remote monitoring
in field conditions [10]):

Y(v)-P(v,T)

Yo(v)-P(v,T)

A mathematical condition for the spectral observation area of VOCs is:

Tvoc (V) =exp(=Dyoc) = (6)
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AY(v,T) =[By(v)-P(v,T)]#0 (7
Notice that when AY(v,T) >0, the absorption spectrum is recorded, while a negative
value of AY records VOCs emission spectrum area. Knowing the value of the ob-
served spectrum, it is possible to determine the minimum concentration of VOCs,
which the device can identify.

By adopting observed spectrum of positive, signal/noise ratio for the correlated spec-
trum AY(v,T) equals x(v) = AY(v)/3Y , where 8Y —Rms noise. Hence, a minimum

concentration recorded by the instrument, according to the law of Bouguer - Lambert
- Beer law [11]:

Tmin = exp(- Dmin) =

Yo(v)=8Y—P(v,T) _ [1_% @®)
Yo(v)—P(v,T) x

From this expression, we can determine the minimum optical depth cloud of VOCs,

identifiable by dint of hyperspectral device:

Dy =—IN(L-1/7%) 9)

In the same way we obtain the following mathematical calculations for determine the

maximum detectable optical depth cloud of VOC:s:

3 YO(V)—[P(V,T)—SY] 3
Dmax_ln{ To(v)=P(v.T) j—ln(x)- (10)

To calculate the relative error of measurement device, accept that (that is caused high

values of FPA noise in the infrared range of the spectrum [12]). Thus, the relative
error in determining optical depth can be found from the expression:

> 2
QZQZE EQSYJ + QSYO -1 1+e%P. (11)
D D\lor oY, 4D

The calculations of the minimum and maximum values determined by the device, the
optical depth and the relative errors of measurement based on the calculated sig-
nal/noise ratio and the formulas (9), (10), (11) for the three spectral bands correspond-
ing to the windows of atmospheric transparency. The calculation results are shown in
the table:

Table 1. The results of calculation of optical depth and relative errors for different spectral

ranges
Calculated parameters Spectral ranges, micron
8-11 3-5 1-2,5
X - the signal/noise ratio 8580 272 1560
Dpnin - the minimal optical depth 1.17-10* 3.6:10° 6.4-10"
Dmax - the maximal optical depth 9.06 5.61 7.35
0., - the rel. error for opt. min. 141 143 142
depth, %
0,2 - the rel. error for opt. max 1 18 14
depth, %
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4

Conclusion

Preliminary experimental studies in the laboratory have confirmed the chosen solu-
tions to be correct. The hyperspectrometer conceptual project to assess oil and gas
pipelines from aircraft (helicopter) was developed as a result of theoretical and exper-
imental research. The results show the advisability of the development of a prototype
and of full-scale field research.
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