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MEASUREMENT OF ETHYLENE CONCENTRATIONS AT HIGH PRESSURE
BASED ON TUNABLE DIODE LASER ABSORPTION SPECTROSCOPY NEAR 1620 nm

T. Zhang, G. Zhang, X. Liu, G. Gao, T. Cai"

College of Physics and Electronic Engineering, Jiangsu Normal University,
Xuzhou, China; e-mail: caitingdong@126.com

A system for detection of ethylene (C2Hy) at high pressure is developed based on tunable diode laser
absorption spectroscopy using a distributed feedback laser near 1620 nm. To eliminate the influence of spec-
tral line overlap under high pressure, a differential absorption (peak minus valley) scheme is adopted.
The peak and valley wavelengths used for the measurement correspond to 6174.64 and 6174.45 cm™, re-
spectively. Absorption cross sections of ethylene are measured for the selected peak and valley wavelength.
The measured concentration agrees with the known concentration, and the maximum of the standard devia-
tion is 0.746% for all measurements. In addition, long-term continuous measurements indicated good stabil-
ity of the system. The sensitivity of the system is ~18 ppm with an optimum averaging time of 110 s. All the
experimental results validate the applicability of the system in ethylene trace detection.

Keywords: tunable diode laser absorption spectroscopy, differential absorption, ethylene, concentra-
tion, high pressure.
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Paspabomana cucmema oemexmuposanus smunena (C2Hy) npu 6vicokom Oasneruu memooom nepe-
cmpaugaemol OUOOHO-1A3epHOl AOCOPOYUOHHOU CHeKMPOCKONUY C UCNONb308AHUEM Td3epd C pacnpeoe-
JIeHHOU 0Opamuoll césa3vio 60ausu 1620 wm. [ns yempanenus 6nusHUs nepekpuimus CReKmMpaibHbLX JTUHUL
npU BbICOKOM OABNIeHUU NPUHAA Juppepenyuarvras cxema no2rouerus (nuxk Mmuryc nposan). Ha eviopan-
HbIX OIUHAX 607K nuKka u npoeana 6174.64 u 6174.45 cv! onpedenenvi nonepeunvie ceuenus noznoujenus
omunena. Mzmepennas KOHYeHmpayusi Xopouio CO2Ndcyemcst ¢ U36eCmHoU, MAKCUMALbHOe CIAHOapmHoe
omxnonenue 0.746%. [[numenvuvie HenpepuvlgHble USMEPEHUs NOKA3bIBAIOM XOPOULYI0 CIMAOUTLHOCHb CU-
cmembl. HyscmeumenvHocms cucmemsl ~18 ppm npu onmumanvHom epemeru ycpeonenus 110 c. Dxcnepu-
MeHmanvhvle pe3yabmanmsvl NOOMEEPICOAOM NPUMEHUMOCHIb OAHHOU CUCmeMbl Ol OOHAPYICEHUs Cle008
oMuIeHa.

Knrouesvie cnosa: abcopobyuonuas cnekmpockonus Ha nepecmpausaemvix OUOOHbIX 1azepax, ougdge-
PeHYUanbHoe no2nowerue, SMuiet, KOHYeHMpayus, GblcoKoe dasienue.

Introduction. Ethylene (CoHs) is one of the most important products in chemical raw materials.
It is widely used in the production of hydrocarbons and many other intermediate products [1]. Ethylene can
also be mixed with air to form explosive mixtures. When exposed to open fire, high heat, or contact with
oxidants, there is a risk of fire and explosion [2]. Therefore, it is of great significance to develop an ethylene
gas detection technology.
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There are various studies on the detection of ethylene. Platz et al. described sub-Doppler overtone spec-
troscopy of CoHs with optoacoustic and optothermal spectra in the range of 6147-6170 cm™' [3]. Hai Pham-
Tuan et al. presented an automated capillary gas chromatographic system to measure ethylene in biological
materials [4]. Sgro examined the solubility in water of combustion generated organic particulate matter by
comparing the ultraviolet visible spectra (UV-Vis) observed in situ in rich ethylene air flames with the spec-
tra of extra situ sampled material trapped in water [S]. However, these methods all have some disadvantages.
For example, the detection cycle of a gas chromatograph is long, which is not suitable for real-time monitor-
ing; the UV-Vis is susceptible to water vapor interference.

In order to solve these problems, the technology of tunable diode laser absorption spectroscopy
(TDLAS) based on the Beer-Lambert law was used in this paper, and the gas concentration was obtained by
analyzing changes in the selected absorption line [6]. This technique is widely used in trace gas detection
due to its advantages of non-invasiveness, high spectral resolution, and high selectivity [7—10]. It has also
been used for the detection of CoHa. For example, Lucchesini et al. examined absorption lines of CoHs near
12000 cm™! by using a tunable diode laser spectrometer combined with wavelength modulation spectroscopy
and a Herriot type multipass cell [11]. Pan et al. developed a TDLAS system for the simultaneous measure-
ment of CoHy and CHy at 6150 cm™! and established a line separation method based on multi absorption peak
using the least squares algorithm. The accuracy of the measured concentration was within 5% compared with
the mass flow meter [12]. Wei et al. proposed a nine optical fiber multi-point ethylene concentration sensor
based on TDLAS. By using WMS and a gas cell, a ppm-level high sensitivity detecting system for ethylene
concentration was achieved [13]. Tanaka et al. reported a mid-infrared sensor for detecting ethylene in com-
bustion exhaust [14]. In our previous work [15], we used photoacoustic spectroscopy to measure low-
concentration CoHy by using the transition in the near-infrared region with the detection of the second har-
monic signal of the absorption spectrum. All these works are performed at normal pressure or low pressure.
According to our investigation, there are relatively few studies that measured C,Hjy at high pressure.

It is known that only the absorption lines of ethylene in the range of 3—14 um were recorded in the
HITRAN database [16]. Here we measure some of its transitions in the near-infrared band. The measured
and simulated CoHa4 absorption spectra near 6175 and 3032 cm ™! at room temperature are shown in Fig. 1a,b,
respectively. The simulated H,O, CO,, and CH4 absorption spectra in the responding regions are also given
in the figure. It can be seen from the figure that the CoHs absorbance near 3032 cm™' is merely 30 times
stronger than the absorbance near 6175 cm !, but lasers, detectors, and optical elements near 3032 cm™! are
more expensive than those near 6175 cm™!. It can be seen from the figure that the interference of CO, and
CHj4 on ethylene is negligible in both regions, but CoHy transitions in this mid-infrared region overlap with
some strong transitions of H,O. Hence the C,Hy transitions near 6175 cm™ is more suitable for the develop-
ment of the system for CoHs detection. However, it must be noted that CoHy transitions near 6175 cm ™' are
also dense. The overlap of these lines will be serious at high pressure, and an isolated line cannot be ob-
served at high pressure. In order to detect CoHs at high pressure, here a system based on TDLAS and a differ-
rential absorption (peak-minus-valley) scheme will be built and illustrated in a static cell with high pressure.
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Fig. 1. Example of the ethylene absorption spectrum in the near- and mid-infrared region.
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Experiment and scheme. A schematic diagram of the experimental configuration is depicted in Fig. 2a.
The light source is a continuous-wavelength (CW) distributed-feedback (DFB) tunable diode laser (Diantuo
Laser Technology, BF14-DFB-1620) emitting radiation near 1620 nm with a typical linewidth of ~2 MHz.
The laser is driven by a commercial laser controller (Thorlabs, CLD101x). The diode laser output perfor-
mance is shown in Fig. 2b. The experimentally determined current tuning coefficients of the laser are
~0.025 cm™'/mA. The maximum optical power emitted by the diode laser operating at a temperature of
13.8°C and an injection current of 100 mA is ~11 mW. During the experiment, the laser temperature is fixed
and its current is driven by a 100 Hz triangle ramp provided by a function generator (RIGOL, DG1000Z) for
the wavelength. The laser beam is divided by a splitter into two parts: one is sent into a wavelength meter
(Bristol Instrument, 671B), whose wavelength accuracy is as high as #£0.0008 nm to confirm the center
wavelength of the laser before the measurement, and the other part is injected into the gas cell. The cell has a
path length of 50 cm and a volume of 0.3 L. The beam is passed through the gas cell and focused on a pho-
toelectric detector. The signal obtained from the photoelectric detector is sampled by a data acquisition de-
vice (16 bits, 2 MS/s) at a maximum sample rate of 10 KS/s. A LABVIEW based program with two chan-
nels is used to record the measured signal and the triangle wave.
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Fig. 2. a) Schematic of the high-pressure experimental setup. b) Output performance of the CW-DFB diode
laser as a function of injection current at an operating temperature of ~13.8°C.

Before each measurement, the gas cell is evacuated to less than —100 kPa using a rotary-vane vacuum
pump with a standard speed of 1400 r/min, and then the background Iy signal is obtained by filling the cell
with N, gas at the measurement pressure. The stainless steel, tube is filled with a known proportion
of Na-diluted ethylene. When the gas is completely mixed for a period of time, the mixed gas is delivered
into the gas cell. The pressure inside the cell and tube is indicated by a pressure gauge with an accuracy
of £1% of reading.

The differential absorption (peak minus valley) scheme is based on the direct absorption theory and
gives the concentration of trace gases according to the intensity of narrow band absorption. Since the band-
width interference remains constant on the selected absorption transition, the interference can be eliminated
by the difference between the peak and valley of the absorption line. In addition, the scheme eliminates the
problems of laser intensity loss due to scattering and extinction.

According to the Beer—Lambert law, when a laser beam passes through a gas cell filled with an ab-
sorbed gas, the transmitted intensity /(v) in the frequency v is determined by

In(1(v)/1,)= M —a(v,T,P), (1)

where [y is the incident intensity before absorption, v is the frequency in cm™'; T is the temperature in K;
P; is the partial pressure of the absorbing species in atm; R (8.314 J/K-mol) is the universal gas constant;
L is the laser pathlength in meters; a(v, 7, P) is the absorbance, and (v, 7, P) is the absorption cross-section
in cm?/molecule, which depends on the wavelength, temperature, and pressure. If T, P;, L, a(v, T, P),
and o(v, T, P) are known, we can calculate the mole fraction of C,Ha.

In the absolute condition, the attenuation of light intensity caused by absorption in the atmosphere can
be expressed by Eq. (1). However, interference factors such as Rayleigh scattering and Mie scattering caused
by fume, droplets, or aerosol cannot be ignored. So, when considering these influences, the above equation
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can then be written as
111(1/10) = OLC2H4 + aint + Text’ (2)

where oc,u, is the absorption of the ethylene, oin is the total interference absorption from all other species,
and Ty includes the effect of total extinction (absorption and scattering) from all other sources.

As evidenced above, in order to measure the ethylene concentration, it is necessary to eliminate the in-
terference and extinction from other components in the selected band. The transmitted loss caused by inter-
ference and extinction is wavelength dependent. However, these losses are almost constant over a small
wavelength shift, and thus the differential absorption strategy can adequately eliminate the effect of these
non-absorption laser losses of the laser. In this differential scheme, the interference and extinction can be
eliminated by using the difference between the absorption at selected peak and valley wavelength:

n(1/ 1)), peac = (—h1(1 /1 O)V,valley) = <O‘C2H4 F Ol F Text )V pesk _<(XC2H4 F Ol + Text )V wlley 0L, (v,peak) — OCyH (v,valley) -(3)

Therefore, the ethylene mole fraction can be obtained when the cross sections at the peak and valley are
known:

—In ((I(v,peak) / IO(v,peak) ) ([O(v,valley) / I(v,valley) ))

(G(V,peak) - G(v,peak) ) PtotalL /' RT

Results and discussion. In order to select the peak and valley position within the spectral range of in-
terest, the experimental spectra are measured under different pressures. An overview of the recorded spectra
of C,Hy at different pressures between 6174.2 and 6175.6 cm™! is presented in Fig. 3.

The wavelength selection criteria for measuring the concentration of species have been reported in [17].
Because the line width is proportional to the total pressure, the shape of each line will be broadened and the
spectra will merge. It can be seen from Fig. 3 that no isolated line can be observed in the selected region at a
pressure of 3 atm. Taking into account the pressure-induced broadening, the wavelength with the maximum
differential absorption cross section and the wavelength with the minimum peak-to-trough spacing, as well
as the small pressure shift, the peak and valley located at 6174.64 and 6174.45 cm™! are selected for the ex-
periment, as shown in Fig. 3.

In order to deduce the concentration of ethylene using the differential absorption (peak minus valley)
scheme, the absorption cross sections of ethylene at the peak and valley wavelengths selected in the experi-
ment are measured. The ethylene absorption cross sections are measured with C;H4/N» mixtures of different
concentrations. All measurements are performed over a range of pressure (1-6 atm) at a temperature
of 303 K. As an example, the absorbance measured at the peak and valley is plotted as a function of mole
fraction under 2 atm in Fig. 4. It can be seen from the figure that a linear relationship holds; the correlations
of these measured points have R? values of 0.999 and 0.998, respectively.
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Fig. 3. Diagram of the measured TDLAS spectrum Fig. 4. Relationship between the C,H4 concen-
of CoH4 between 6174.2 and 6175.6 cm™! at dif- tration and absorbance measured at the peak (1)
ferent pressures; P = 1 atm, Xc,u,=5.00% (1), and valley (2); P =2 atm; 7= 303 K.

P =2 atm, Xc,u,=5.03% (2), P =3 atm, Xc,n,=
=5.04% (3); T=303 K.
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TABLE 1. Absorption Cross Sections at the Peak and Valley Wavelengths Selected
in the Experiment at Different Pressures

P, atm Gpeak, M>/mol Gualley, m*/mol
1 1.117 0.795
2 0.916 0.781
3 0.859 0.764
4 0.802 0.755
5 0.785 0.750
6 0.770 0.735

The absorption cross section o(v, T, P) describes the capacity of a specific gas molecule itself to absorb
the amount of light intensity; its value is determined by the gas absorption wavelength, the gas temperature,
and the total pressure. The good linear relationship of the data in Fig. 4 indicates a high accuracy of the ab-
sorption cross section obtained from the measured ethylene absorption line. However, the deviation of the
standard gas purity, the experimental environment, and the gas concentration ratio will introduce errors in
the absorption cross section measurements. Table 1 shows measured values of the absorption cross sections
at the peak and valley wavelength selected in the experiment at different pressures. It shows that the absorp-
tion cross-section decreases gradually as the pressure increases.

The spectral absorbance can be determined from the ethylene absorption signal and the background sig-
nal according to the Beer—Lambert law. Then the concentration of C,H4 can be calculated using Eq. (4) with
the known temperature, pressure, gas cell length, and absorption cross section. Experiments were performed
in the pressure range of 1-6 atm with a step of 1 atm. The CoH4 concentrations obtained by the differential
absorption scheme at various pressures are compared with the known concentrations in Fig. 5. The maxi-
mum of the standard deviation between the measured and known C;Hs concentrations is 0.746% over the
entire pressure range. Those results confirm the accuracy of the system for the measurement of C;H4 concen-
tration at high pressure.
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Fig. 5. Comparison of CoH4 concentrations measured by the differential absorption scheme
with known concentrations at different pressure.

Stability and precision are important parameters for evaluating the performance of a system for spectral
measurements [18]. In fact, the stability of the system will be affected by changes in the environment and
instrument temperatures, drifts in laser intensity and frequency, variations in the interference fringes, and
background noise. In order to evaluate the measurement accuracy and stability of the high-pressure CoHa
concentration detection system, time series measurements of CoH4-N» sealed in the static cell (having a con-
stant concentration) are performed. Each measurement is performed by averaging 30 scans with a scan rate
of 100 Hz. One thousand data points are obtained during one-hour of continuous measurement. A histogram
of the measured concentrations depicting an approximate normal distribution around the mean value is plot-
ted in Fig. 6a, which can be used to assess the measurement precision. A Gaussian profile is fitted to the dis-
tribution histogram, resulting in a half-width at half-maximum (HWHM) of 10.4 ppm.

The Allan variance is usually used to evaluate the noise components of the system [19, 20]. Thus, the
sensitivity of the C,Hs4 measurement at high pressure based on the differential absorption scheme is deter-
mined by the Allan analysis in the experiment. The sample gasisa CyHs-N» mixture with 0.5% C,H4
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Fig. 6. a) Histogram plot obtained from time series measurements of C;Hy sealed in the static cell; the line 1
depicts a Gaussian profile. b) Allan deviation from the time series measurements for the same mixture.

at a pressure of ~3 atm. Figure 6b shows the Allan variance obtained from the continuous time series meas-
urements for the sample gas. It can be seen from the figure that the sensitivity of the system is ~18 ppm with
an optimum averaging time of 110 s.
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