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High-speed low-temperature gas analyzer for pulsed emissions of

liquefied natural gas into the atmosphere based on immersion diode

optocouplers
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A low-temperature infrared optical gas analyzer based on immersion diode optocouplers with a speed of less

than 0.03 s has been developed to detect pulsed emissions into the atmosphere of explosive mixtures of liquefied

natural gas and alkanes with air at a temperature of more than 150 K with the transfer of digitized data to a remote

server. The design is described and its characteristics are given in the process of analyzing mixtures of air with pure

methane, ethane, propane and LNG of various compositions. It is shown that the speed and operating temperature

range of the gas analyzer exceed the parameters of foreign and domestic analogues for monitoring man-made LNG

emissions into the atmosphere.
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Introduction

When ensuring industrial safety of production and storage

facilities of liquified natural gas (LNG), it is required to

evaluate consequences of their man-made pulse emissions

as jets and ground spillage with liquid-carbohydrate re-

gasification formation of fire hazardous clouds of air fuel

mixtures (AFM) with volume concentration inflammation

limits (CIL) within the range from 5 to 15 vol.% [1–3]. It is
quite difficult to analyze them as it is required to measure

fluctuating values of the concentration C at the temperature

of T ≥ 150K with transmission of the digital data to the

remote server, while the devices for scanning the AFM

clouds must have a speed τ < 0.1 s, function at the velocity

of gas-drop fluxes up to hundreds meters per second and be

resistive to the gas pressure pulses of up to 105 Pa [2–14].
Here, τ is determined as the time required to measure the

volume concentration of the gas mixture at 90% of its final

value after fast change of the value C .

It is known that for the industrial semiconductor gas

analyzers based on the metal dioxide films doped with

palladium, copper oxide, etc., the value τ ≤ 2−3 s due to a

relatively small rate of diffusion of the analyzed molecules

through the sensitive thin film of the metal dioxide [4–
7]. The efforts to improve their speed due to optimization

of its thickness and chemical composition, the heating

temperature and the stabilization diagram allowed designing

prototypes with 0.3 s.

The electrochemical gas analyzers are designed to per-

form a selective reaction of the analyzed molecules with

the electrolyte [4–7]. The generated current is directly

proportional to the concentration of the detected gas and

the value τ = 15−30 s [4–7].

In the typical infrared optical (IR) gas analyzers, for

example, Sensis-500 with a foreign pyroelectric sensor

of the
”
MSH-P-CH4-5BPF Dynament GB“ type and car-

bohydrate molecular absorption of IR radiation with the

operating wavelength of λ = 3.3µm of an tungsten-filament

incandescent lamp, the analyzed gases are taken by their

molecular diffusion through a protection aerosol filter of the

sensor [8]. As a result, τ ≈ 20−25 s at the temperature

above 255K.

The domestic IR gas analyzers based on the
”
Mipex“

sensors using traditional light-emitting diodes and photo-

diodes with aerosol filters are characterized by the value

τ ≈ 0.5−1 s at T > 150K due to creating a pre-heated

electric furnace flux of convective diffusion of a detected gas

mixture through the sensor by means of an aspirator [9–11].

In the said IR analogues, the light-emitting diodes with

a wide radiation diagram and the photodiodes are rigidly

joined to a body of the gas cuvette [7–11]. It is not critical
as the most of IR radiation is collected at a photodetector.

However, with the narrow directivity diagrams for light-

emitting diode’s radiation and its photodiode reception,

which are typical for the immersion diode optocouplers,

their position is fixed by means of a flexible mechanical

connection with the gas cuvette body by adjusting ele-

ments, as the diagram of source radiation propagation is

not necessarily coincident with the sensitivity maximum

of the photodetector radiation reception diagram [12–14].
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At the same time, the IR gas analyzers based on the

immersion diode optocouplers are designed to measure

the concentration of the carbohydrates with the speed

up to 0.1 s [12–14]. However, the latter can not detect

vaporization of methane emissions and the wide fraction

of light hydrocarbons (LHWF: ethane, propane, butane and

other light alkanes) of LNG into the atmosphere with a

typical time of fluctuations of their volume concentration

below 0.1 s at T > 150K. It is due to the fact that the

immersion diode optocouplers are not designed to operate

at such a low temperature.

The purpose of the present study was to develop the

low-temperature IR gas analyzer based on the immersion

diode optocouplers for express-monitoring of man-made and

natural pulse emissions of alkanes and LNG as flooded

jets or ground spills with formation of fluctuating explosive

and fire hazardous AFM concentrations during the liquid

hydrocarbon regasification with the speed τ < 0.03 s at

the temperature above 150K [1]. It has investigated the

dependence of vaporization of fine particles of liquid alkanes

on their diameter and the atmosphere temperature.

1. Experimental part

Figure 1 shows the principle diagram and the image of

the patented high-speed low-temperature IR gas analyzer of

pulse emissions of alkanes and LNG into the atmosphere

based on the immersion diode optocouplers [15].

The device includes the flow activator Q of the ana-

lyzed carbon-air mixture 8 through the measurement gas

cuvette 1, whose reflecting surfaces form an optical diagram

for generation of the IR radiation beam, its source as the

immersion light-emitting diode 9 and its photodetector as

the immersion photodiode 10 [12–14], which are connected

by the flexible mechanical connection to the body 2 of

the gas cuvette with the adjusting elements 11 and 12,

the external electronic units 14 and 15 for power supply,

control, stabilization of the temperature and transmission

of the digitalized signals to the remote server for analysis

thereof. The body of the gas cuvette 1 is made with the

external heat-insulation coating 3 and mechanically mated

to the cylindrical channel of the electric oven 4 for heating

and inputting the analyzed gas into the gas cuvette 1. The

internals of the cylindrical channel of the electric oven

have the aerosol metal filter 5 and the thermocouple 7

installed in series in order to control the temperature

of the analyzed AFM. Externally, it also includes the

thermocouple 6 for analysis of its outside temperature.

The electronic unit 15 includes a board for control of the

chromel-alumel thermocouples 6 and 7, the flow activator 8

and the cylindrical electric oven 4. The fibrous aerosol metal

filter 5 of the H11 class is made of copper with the particle

trapping efficiency above 99.9%. The heat insulation 3 is

made of synthetic expanded rubber to reduce heat exchange

between the external atmosphere and the internal volume of
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Figure 1. Principle diagram and image of the low-temperature

IR gas analyzer based on the immersion diode optocouplers: 1 —
the measurement gas cuvette with the body 2 and the external 3

heat-insulation coating; 4 — the cylindrical electric oven with

the aerosol metal filer 5 therein; 6 and 7 — the thermocouples

for measurement of the temperature of the gas-carbon mixtures

outside and inside the IR gas analyzer; 8 — the flow activator Q
of the analyzed air-carbon mixture; 9 and 10 — the immersion

light-emitting diode and photodiode, respectively; 11 and 12 —
the adjusting elements thereof; 13 — the connector for connection

of the external electronic unit 15 designed to connect the circuits

of control, power supply and data transmission; 14 — the system

of thermal stabilization of the immersion light-emitting diode and

photodiode; 16 — the image of the external electronic unit 15

and the gas cuvette 1 without the heat-insulation coating 3; 17

and 18 — the images of emission of flooded LNG jets from

nozzles at the initial velocity and the length 60m/s and 50m,

with formation of the cold carbon-air cloud of the volume about

105 m3, spreading above the ground surface.

the gas cuvette 1. In special cases, the screen-vacuum heat

insulation of the pressure of at most 10−6 Pa is used.

The light-emitting diode 9 and the photodiode 10 are

tuned by the adjusting elements 11 and 12 to the maximum

output signal of the photodiode 10. Both the semiconductor

devices with the operating wavelength of λ ≈ 3.2−3.6µm

are provided with the thermal stabilization system 14 based

on the Peltier elements to keep its temperature at the given

level from 285 to 300K. The values T are read by an

analogue-digital converter (ADC) of the microprocessor for

control and together with the light and background signals

of the photodiode 10 they are sent by the RS-485 interface
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to the remote server (not shown on Fig. 1). The optical

length L and the volume of the gas cuvette 1 are about

0.1m and 2.8 · 10−6 m3.

In accordance with the Beer-Lambert-Bouguer law, the

attenuation of the intensity of radiation passed through the

multi-component AFM is

I = I0 exp
(

−L
∑

1iC i

)

,

where I0 and I — the monochromatic radiation intensities

before and after AFM, respectively, L — its optical length,

1i — the spectral absorption coefficient for radiation of the

i-component AFM, C i — its concentration. Its absorbance

can be calculated based on the additive law as

D = lg(I0/I) =
∑

Di ,

where Di = lg(I0/I i) — the absorbance of the AFM i-

component with attenuation of radiation I i [16,17].
It is known that the LNG temperature at the normal

storage conditions is about 110K, and the composition of

its LHWF flammable components is not rated, but their

main volume content is determined by the concentration of

ethane, propane and butane [18]. When the liquified gas is

emitted into the atmosphere, there is a reduced temperature

of the carbohydrate cloud. For example, in large-scale jet

LNG emission of the weight up to 5 · 103−104 kg, there

was evident temperature reduction to 160K in the center

of the AFM cloud of the volume above 105 m3 [10,11]. In
this regard, before being supplied into the gas cuvette 1,

the flux of the analyzed AFM is preheated in the electric

oven 4 with the aerosol copper filter 5. Its optimum flowrate

Q ≈ (3−9) · 10−4 m3/s.

The characteristics of the IR gas analyzer with the

light-emitting diode 9 of the LED34TO8TEC grade and

the photodiode 10 of the PD34TO8TEC grade with

λ = 3.4µm [12-14] were calibrated and analyzed on a gas

test bench by creating the given volume concentration of

alkanes or LNG with filtered air with their homogeneous

mixing in screw-corrugation pipes [10,11,15]. The carbo-

hydrate concentration was determined from the relationship

of the volume flowrates of alkanes or LNG and air with

periodic chromatographic analysis of their samples. In doing

so, it also included using methane, ethane, propane and

butane with C > 99.95 vol.%, as well as industrial domestic

LNG with the LHWF concentration from 2 to 7 vol.% [18].
The large-scale LNG emissions of the weight

up to 5 · 103 kg were analyzed when it was

sprayed as the flooded jets being split at the

numbers of Reynolds Re = V dρ/η < 105 and Weber

We = ρ(V −V0)
2d/σ < 104 with vaporization of boiling

drops [1,2,17]. The convective heat exchange between

them and the atmosphere was determined by the state

of air medium, the temperature and the wind speed,

as well as the size of the AFM cloud. Here, ρ, η and

V0 — the density, the dynamic viscosity, air speed,

respectively, σ = 15.5 · 10−3 n/m — the LNG surface

tension coefficient at 110K, d ≤ 0.05m — the LNG drop

diameter, V ≤ 60m/s — their velocity. In doing so, the jets

and the AFM cloud are evidently visualized (the image 17,

Fig. 1) due to spontaneous condensation of water vapors

being sharply cooled with formation of the water fog of

drops and ice particles. The initial relative humidity of air

was 35−40% at T ≈ 280−285K.

2. Results and discussion thereof

Figure 2 shows the dependence of the voltage U at

the photodiode signal amplifier output 10 on the time t
when switching on and off the light-emitting diode 9

(LED34TO8TEC) with the duration of its switched-on state

of 130 µs in order to determine the speed τ0 of the electronic

unit of the IR gas analyzer. During its measurement,

the microprocessor timer was set for the repetition period

of 20ms. By interruption of the timer at t = −80µs,

with the switched-off light-emitting diode, its ADC reads

the photodiode background signal 16 times to obtain an

averaged value. At the time t = 0µs, the microprocessor

switches on the light-emitting diode and in 52 µs after full

stabilization of its IR radiation, the microprocessor ADC

reads the photodiode signal level 16 times, too, to obtain the

averaged light value. Then, the microprocessor switches off

the light diode and the measured values U are transmitted

to the server at the distance of 1200m. The analysis of the

data of Fig. 2 has shown that τ0 ≤ 25µs.

Figure 3 shows the dependence of the relative change

of the voltage Ut/U1 at the photodiode signal amplifier

output 10 (PD34TO8TEC) on the time t in exchange

in more than 100 times per second in the methane gas

analyzer with the initial concentration of C = 6.5 vol.% by

the filtered air with the flowrate Q = 9 · 10−4 m3/s, in order

to determine its speed, where U1 — the stationary voltage

at the photodiode signal amplifier output at C = 6.5 vol.%,

Ut — the change of the voltage at the photodiode signal

amplifier output on time during methane exchange with

air in the gas cuvette and, respectively, the decrease in its

concentration from 6.5 to ≈ 0.6 vol.%. The analysis of the
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Figure 2. Dependence of the voltage U of the photodiode signal

amplifier on the time t .
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Figure 3. Dependence of the relative change of the voltage Ut/U1

at the output of the photodiode signal amplifier on the time t; A —
the start of exchange at t ≈ 110ms.
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Figure 4. Experimental dependence of the values of the

absorbance D of the mixture of air with the alkanes and LNG

on the value of its volume concentration C: 1 — methane, 2 —
the calculation of D for LNG as per the additive law, 3 — LNG,

4 — propane, 5 — ethane.

data of Fig. 3 has shown that the value τ ≤ 25−30ms at

τ0 ≈ 25µs.

The dependences of the values D measured for the

mixture of air with methane, regasified LNG, propane

and ethane (the solid curves 1, 3−5, respectively) on their

volume concentration C are shown on Fig. 4. Note that at

C < 1 vol.% the values D are the same with accuracy, which

is sufficient for practical purposes. The dashed curve 2 —
the calculated values D for LNG as a sum of the measured

values of the absorbances of the Di alkanes included it

its composition with a known volume concentration: 93

methane, 4.8 ethane, 1.5 propane, 0.5 butane and 0.2 vol.%

other impurities [18]. It should be noted that the curves 2

and 3 satisfactorily coincide.

The analysis of vaporization of the emissions of the

alkanes and LNG into the atmosphere also included the

calculations of the time t of full evaporation and 50%

evaporation of the weight of the cryogenic drops on

their diameter d = 10−5000t µ at the air temperature

of T = 112−293K. The values t have been calculated

based on the experimentally proved model of convective

energy exchange between the cryogenic drop and the

surrounding vapor-gas medium during its fall in air at

the temperature from 112 to 293K at the Reynolds

numbers Re = dρVS/η ≈ 0.1−105, where VS — the drop

sedimentation rate [10,19,20]. The drop evaporation process

is non-stationary and proceeds in a liquid boiling mode

with the constant temperature to its vaporization. The

non-stationary convective mass transfer in the gas phase

in evaporation is correlated to loss of stability of the

diffusion mode at the initial phase of drop motion. The

drop sedimentation rate has been determined by the known

dependences at Re < 1 (the Stokes law) in the transient

mode (1 < Re < 103) and in the applicability region of

the Newton’s law (103 < Re < 105) [17–20]. As a result,

for the boiling drop, we have obtained the dependence

of the change of d on t taking into account the liquid

evaporation heat at Re < 105. In doing so, neither drop

deformation, nor radiative heat exchange was taken into

account. Note that using the classical diffusion evaporation

theory of Maxwell-Langmuir as well as Knudsen and Hertz

for the boiling drops immobile in relation to the vapor-

gas medium [17–20] is not correct, as their temperatures

are substantially different, and the drops themselves sedi-

ment.

As an example, Fig. 5 shows the values of the time t

of the full evaporation of the cryogenic drops of alkanes

of the diameter d = 10−500µm at T = 293K. It follows

from the data of Fig. 5 that the methane drops evaporate

faster than the drops of the heavier alkanes. The similar

result was at reduction of the temperature to 150K as well

as during evaporation of two-component cryogenic drops of

methane with an impurity of ethane or propane with the

concentration from 1 to 10 vol.%. The obtained results

agree with the experimental data about the predominant

vaporization of methane (boil-off gas) in large-sized vessels

for storage and transport of LNG [21], as well as with

observation of no formation of substantially heterogeneous

mixtures of ethane, propane and butane in the carbon-air

clouds when LNG is emitted as jets or ground spills with

its subsequent regasification [10,11].
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Figure 5. Dependence of the calculated values of the time t
for full evaporation of the cryogenic drops of alkanes at the

air temperature of 293K on their diameter d: 1 — methane,

2 — ethane, 3 — propane, 4 — butane.
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Note that the value t < 1 s for the methane drops of

the diameter below 500 µm. The time of reduction of its

diameter by 20% with evaporation of the 50% mass is

substantially less, and, for example, for the methane drops of

the diameter of d = 100, 500 and 1000 µm it is ≈ 0.04, 0.56

and 1.6 s, respectively, at T = 293K. Many IR analogues

with the time resolution above 0.3 s [4–10] are not designed

to detect the process of so fast vaporization of fine cryogenic

drops of the alkanes and LNG (Fig. 5). The manufactured

IR gas analyzer based on the immersion diode optocouplers

was capable of analyzing their vaporization with the speed

τ < 0.03 s. It is required, in particular, for engineering

analysis of the large-scale pulse LNG outflows due to using

the high-energy materials with formation of the explosive

and fire hazardous AFMs of the volume above 105 m3 for

several seconds.

It has been demonstrated that in large-scale LNG

emissions the carbon-air cloud exhibits therein local and

explosive AFMs of the volume from 103 to 105 m3 with

the volume concentration of the carbohydrate vapors from

5 to 15 vol.%. The duration of their existence depends on

the spraying conditions and a mass of the pulse emitted

LNG as well as on the condition of the atmosphere and a

soil. During evaporation of the sprayed LNG and increase

in the concentration of its vapors, the AFM temperature

in the cloud center was reduced to 150−170K. At the

same time, inside the IR gas analyzer, the temperature was

almost the same to be about 290K. The concentration and

the temperature of the gas mixtures of methane, LHWF

and air vapors fluctuated in time and were heterogeneously

distributed both along the height (up to 40m) and along the

length (more than 100m) of the clouds. We have obtained

the data on the kinetics of the change of the temperature

from 280 to 150K and the methane concentration from 1

to 30 vol.%. inside the LNG clouds of the volume of up

to 106 m3 with transmission of the data with an interval

of 1ms to the master server at the distance of 4000m.

These data qualitatively correlate to the data of the
”
Falcon“

experiments for LNG outflow into the atmosphere [2,3].

Conclusion

The IR gas analyzer has been developed and patented

based on the immersion diode optocouplers with the speed

below 0.03 s at T > 150K. It is designed to determine

the volume concentration of alkanes and LNG vapor

during their man-made emission into the atmosphere as

jets and ground spills with transmission of the digitalized

data along the fiber-optic line to the remote server. Its

technical characteristics exceed the parameters of domestic

and foreign gas analyzer for analysis of emergency LNG

emissions.

The manufactured high-speed IR gas analyzer can be

used for express control of alkane and LNG CILs in their

pulse emission into the atmosphere by means of high-

energy materials for fast AFM development, as well as

in technologies of creating gas drop fluxes of alkanes in

the large-scale methane-air mixtures of LNG when studying

their explosive and fire hazardous properties.

A network of the IR gas analyzers can be integrated into

the industrial safety express systems of the fuel and energy

sector for obtaining and storage of LNG, as well as for

analysis of evolution of their emissions with formation of

the large-scale AFM clouds.
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