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ARTICLE INFO ABSTRACT
Keywords: Supercritical carbon dioxide (sCO3) Brayton cycle is a promising choice for thermal power generation with the
Supercritical carbon dioxide advantages of high efficiency, compactness and low cost. There is a very sensitive part for monitor and control in

Characteristic spectrum
Critical opalescence

Near infrared spectroscopy
Monitor method

the cycle, i.e. CO; at the critical region, which affects the efficiency of compressor greatly and maybe brings
safety problems due to the rapid and great changes in the properties of CO; near the critical point. A non-contact
measurement method is proposed to monitor the transient state of CO, at various operating conditions using an
infrared spectrometer. Experimental investigations were carried out to verify the adaptability of the method at
dynamic processes in transcritical CO, loop tests. We found the density change of CO, fluid can directly impact
the absorption spectrum near the wavelength of 3400 nm, which could serve as an efficient signal of CO5 state
changes. In a steady state, a dramatic reduction of the density (— 70 %) and the absorption ratio (— 60 %) were
observed between 30 and 34 °C. In the dynamic processes, density-related scattering phenomena were observed
near the pseudo-critical points, which strengthened the non-transmissive ratio (up to 0.95) of CO, and gave a
quick signal (<1 s) whenever abnormal condition occurred. Density stratification was further observed in the
heating process at 32.5 °C and 7.5 MPa, which was close to the critical point. Moreover, the gasification time was
more than five times longer than the liquefaction time, which caused a stronger scattering phenomenon in
depressurization processes. This work is expected to serve as the foundation work of the potentially non-contact
monitor in the sCO, Brayton cycle or other applications.

shown in Fig. 1(b) [12]. However, the instruments can hardly get ac-

1. Introduction curate data timely from the system (especially the temperature data) and
hardly present the dynamic characteristics of system during starting up,
Supercritical carbon dioxide (sCO,) functions widely as a media for shutting down or other changing conditions. Therefore, a new-type
reaction [1], extraction [2,3], separation, mass transport [4,5] and heat method is needed to monitor the density changes of sCO; near the
transfer [6-8]. Its characteristic is extremely important in the sCO, pseudo-critical points [13].
Brayton cycle, which is one of the most promising power generation Spectroscopy is the study of the interaction between matter and
systems with the advantages of compactness, low cost and high effi- electromagnetic radiation as a function of the wavelength or frequency
ciency [9]. To reach a high efficiency, an operating state close to the of the radiation, which is a fundamental exploratory tool in the fields of
critical point is needed at the compressor inlet of the sCO, Brayton cycle physics, chemistry, and astronomy. Since firstly studied by Einstein
[10]. But it is impractical in operation due to the appearance of density [14], the critical characteristics of various gases, such as H,0, CO2 and
change in dynamic processes, which may cause a severe damage in Ny, are widely studied by researchers with the Raman spectroscopy
abnormal conditions. The CO, flow near the critical point is the [15-19]. In recent two decades, several studies have focused on the
compressible turbulent field, whose thermodynamic parameters are characteristics of CO5 near the critical point. Nakayama et al. studied the
fluctuating greatly over space and time. Traditional measuring method density fluctuation of CO2 in the supercritical region [20] and proposed
suffers from problems such as flow field following, flow-field disturbing gas- and liquid-like regions based on the ridge of density fluctuation to
[11] and significant measuring deviation. Besides, the density of CO; is explain the dynamic behavior continuity of CO cross the critical point.
sensitive with the temperature and pressure, as shown in Fig. 1(a) [12]. Arakcheev at al. adopted the coherent anti Stokes Raman scattering to
The peak value of heat capacity appears at the pseudo-critical points as investigate the vibrational spectrum of the Q bands of 1388/1285 cm ™!
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characteristic absorption bands in the infrared spectrum is adopted.

As the characteristic absorption bands are primarily determined by
the atomic and molecular composition, infrared spectrum is widely used
as monitor or measurement method in relative fields. Infrared spectrum
monitor has the advantages of flexible, accurate and stable, which was
designed to measure the ambient temperature in the room [26].
Roman-Ospino et al. [27] proposed to use near infrared spectroscopic
calibration models as real time monitor of powder density in the flow,
which can provide accurate data timely. Besides, CO5 has characteristic
infrared absorption bands in the infrared wavelength of 1000-5000 nm.
Therefore, we selected the infrared spectrum as the monitor method of
CO,, whose absorption ratios are higher than 0.3 at the supercritical
state, offering stronger signal during the dynamic process near the
critical point.

To develop a compact system, a sCO5 loop with an infrared spectrum
device is employed in this study. The effects of various working condi-
tions, including the operating temperature and pressure, the heating
process, the boost process and the depressurization process are fully
investigated. The absorption ratio and the scattering ratio near the
critical point are compared with the experimental results to verify the
sensitivity and accuracy of this non-contact method. This study is ex-
pected to build a solid foundation for the non-contact measurement of
sCO; in various applications.

2. Methods and equipment

2.1. Experimental details
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Fig. 1. The physical properties of CO, with pressure ranging from 6.5 MPa to 11.0 MPa, and temperature ranging from 25 °C and 60 °C: (a) density variation, (b)

heat capacity variation.

under the compression of liquid CO2 [21], where they found the pro-
gressive narrowing of the spectral contribution was attributed to the
collapsed rotational structure. They also studied the broadening pecu-
liarities of vibrational bands near the critical temperature [22], where
they found the width of Q bands did not increase above the critical
density p., while the width of low frequency Q band continues to
decrease until the density reached 1.7 p.. Chaikina used the Raman
spectrum to study the broadening of vibration Q bands caused by the
fluctuation of critical density, and found that the variance was less than
0.1 and the duration was within 10 ns [23]. Chaikina also built a mo-
lecular model for the critical opalescence of CO; to explicitly reckon the
contribution of molecular thermal motion to the Rayleigh light scat-
tering in critical medium [24]. Chaikina and Umanskii further studied
peculiarities of the small-angle scattering of laser radiation by critical
CO,, and got reliable information at a correlation length of ~10~> m and
a relative density variance of ~2-107* for the large-scale critical fluc-
tuation of CO; [25]. However, the Raman spectrum suffers from severe
interferences in industrial-level applications due to its weak signal. To
exaggerate the absorption signal of CO5 with high stability, its

As shown in Fig. 2, the infrared absorption spectrum testing system
of CO4 mainly consists of a CO; pressure control loop (including a gas
source, a condenser, a three-plunger pump, a straight heater and a back-
pressure valve) and an infrared absorption spectrum measurement de-
vice of CO,. The loop can provide desired pressures between 6.0 and
15.0 MPa, where the three-plunger pump and the back-pressure valve
are used to control the CO5 flow rate and the working pressure of high-
pressure sections, respectively. The fluid temperature in the loop is
controlled by the heater. The absorption spectrum measurement device
consists of a spectrometer, a light source and a CO5 container, which can
obtain real-time information at changing conditions. The PbSe Array
Spectrometer (Special Products) supports a spectral range of 1500-5000
nm with a resolution of 20 —150 nm. The SLS203 L (Thorlabs) light
source supports a spectral range of 500-9000 nm with a heating source
temperature of 1273 °C, of which the power stability is larger than 99.95
%. The stainless CO, container can work at 12.0 MPa between 0 and 500
°C. It is equipped with an Omega thermocouple (+ 0.5 °C in accuracy), a
pressure sensor (+ 0.1 % in accuracy) and two high pure sapphire glass
windows (25 mm in diameter, 20 mm in thickness) with the spectral
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Fig. 2. Infrared absorption spectrum testing system of CO,: (a) schematic layout, (b) geometry of the CO, container, (c) sectional view of the CO, container.

Table 1
Various testing conditions for the spectrum absorption testing experiments.

Experiment types Temperature (°C)

Working pressure (MPa)

25 7
30 7
Steady state experiments 35 7
45 7
55 7
23-35 7
23-40 7.5
Heating experiments 24-46 8
26—46 9
28-50 10
36—-58 11
25 6.5-7
Boost experiments 30 6.5-7
35 6.5-7
45 6.5-7
25 7-6.5
Depressurization experiments 30 7-6.5
35 7-6.5
45 7-6.5

7.5 8 9 10
7.5 8 9 10
7.5 8 9 10
7.5 8 9 10
7.5 8 9 10
7-7.5 10-10.5 10.5-11
7-7.5 10-10.5 10.5-11
7-7.5 10-10.5 10.5-11
7-7.5 10-10.5 10.5-11
7.5-7 10.5-10 11-10.5
7.5-7 10.5-10 11-10.5
7.5-7 10.5-10 11-10.5
7.5-7 10.5-10 11-10.5

transmittance exceeding 80 % of the test band. The information data can
be detected by the thermocouples, pressure sensors and the
spectrometer.

Before operation, the needle valve between the CO5 loop and the CO,
container (valvel) was closed, while the needle valve between the CO,
container and the vacuum pump (valve2) was opened, so that the air in
the container could be extracted and the light intensity could be
measured at a vacuum state. This control group can reduce the influence
of the environment and sapphire glass on the test results. Then valvel
and valve2 were switched to open and close states, respectively, and the
working pressure and the temperature of CO fluid were adjusted by the
back-pressure valve and the film heater, respectively. The detailed
testing conditions can be found in Table 1. The steady state experiments
were tested at constant temperature and different pressures. The heating
experiments were operated at constant pressure, and the temperature is
heating from about 23 °C to high temperature with a constant heat flux.
The boost experiments were operated at constant temperature when the
pressure increased from 6.5 to 11 MPa with an interval of 0.5 MPa. The
depressurization experiments were operated at constant temperature
when the pressure decreased from 11 to 6.5 MPa with an interval of 0.5
MPa.

2.2. Analytical methods and calculations

In this study, the intensity of light source is measured with a vacuum
CO4, container to eliminate the impact of the air. The non-transmissive
ratio of the specific band of CO; is calculated by the transmitted light
intensity across the CO, container with and without the light source. The
non-transmissive ratio of the CO; is calculated by Eq. (1).

Iy —Ir

e=1- 1

s

Here ¢ is the non-transmissive ratio of CO,, Iz and I are the transmission
intensity of the band across the CO3 container with and without the light
source, respectively, and I; is the light source intensity measured with a
vacuum CO; container.

The interference of ambient light and sapphire glass windows are
removed by the vacuum light source test group. The non-transmissive
ratio can be divided into the absorption ratio (¢) and the scattering
ratio (5). When the fluid field reaches a stable and uniform state at the
steady state, the scattering ratio (5) is equal to 0, and the absorption
ratio is equal to the non-transmissive ratio [11]. Here, the scattering
ratio (6) is calculated by Eq. (2).
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Fig. 3. Experiments with vacuum CO; container: (a) light source intensity with the activation time > 60 min at different ambient temperatures, (b) light source
intensity with the activation time ranging from 0 min to 60 min at 20 °C and light source intensity measurement deviations for 45 min group.

e=0+06 2

The absorption ratio of CO5 is impacted by the geometry of the
container, the fluid properties, and the ambient factors. The impact of
the ambient factors is eliminated by the light source intensity measured
in the vacuum condition. Therefore, the absorption ratio ¢ can be
calculated by the Lambert-Beer law as shown in Eq. (3).

c = K-CL 3)
Here K is the molar absorption coefficient that depends on the wave-
length, C is the fluid concentration, and L is the absorption thickness.
The absorption ratio is mainly affected by the fluid concentration as the
absorption thickness and molar absorption coefficient for a specific band
are constant.

2.3. Stability validation of the light source and spectrometer

According to Eq. (1), the light source intensity and the spectrometer
stability have significant impacts on the absorption ratio of character-
istic CO, spectrum. However, the light source intensity changes signif-
icantly at different ambient temperatures, as shown in Fig. 3(a). To
stabilize the light intensity, the ambient temperature of all experiments
is controlled at 20 °C in this study. To validate the power stability of
light source, the light intensity was measured with an activation time
ranging from O to 60 min at a controlled ambient temperature of 20 °C.
The measurement deviation of light source intensity is calculated by Eq.
4.

n:u—%xmm @

b

Here x; is the measurement deviation, I; is the measured light source
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intensity for group i and I is the balance light source intensity measured
with more than 60 min activation time. As shown in Fig. 3(b), the
measurement deviations of light source intensity are within 2% for the
wavelengths between 2000 and 4000 nm, which could be further
reduced using a high precision spectrometer. According to the mea-
surement deviation propagation law, the maximum calculation de-
viations of the non-transmissive ratio (x,), the absorption ratio (x,) and
scattering ratio (x;s) are calculated by Egs. (5) and (6).
(xg +2x7)” + (x,)° 5)

Xg = Xe =

(6)

Xs = Xg + X

Here xp, xr and x; are the measurement deviations of the transmissive
intensities of parameters from Eq. (1). The maximum measurement
deviations of the non-transmissive ratio, the absorption ratio and scat-
tering ratio are +4.48 %, +4.48 % and +8.96 %, respectively.

3. Results and discussion

3.1. Sensitivity analysis and measurement bands selection of infrared
absorption spectrum at steady states

As a basic case, the steady state experiments were first conducted
with the operating temperature and pressure changing from 25 to 55 °C
and from 7.0 to 10.0 MPa, respectively. As shown in Fig. 4(a), the ab-
sorption ratio of CO; increased with the rise of operating pressure, while
different infrared bands presented different variation characteristics.
The bands of 2700-2800 nm at different pressures (7.0-10.0 MPa)
presented high absorption ratios (> 0.8) at 45 °C, while the largest
difference among them was smaller than 0.05. The bands of 3000-3100
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Fig. 4. The absorption ratio of the infrared spectrum between 2500 nm and 3700 nm: (a) working temperature at 45 °C, and pressures between 7.0 MPa and 10.0
MPa, (b) working pressure at 7.0 MPa, working temperatures between 25 and 55 °C.
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Fig. 6. The non-transmissive ratio of CO, at pressure ranging from 7.0 MPa to
11.0 MPa, and temperature between 20 and 60 °C within the wavelength of
3400 - 3500 nm, where the dash lines are the phase change or pseudo-critical
temperatures.

nm and 3600-3700 nm presented low absorption ratios (< 0.1) at 45 °C
and 7.0 MPa, whose differences between 7.0 and 10.0 MPa were both
about 0.2. The bands of 3400-3500 nm presented the largest difference
of the absorption ratio (~ 0.5) between 7.0 MPa and 10.0 MPa, which
was two times larger than the bands of 3000—3100 nm. The absorption
ratios of CO, in different infrared bands with the change of temperature
were further presented in Fig. 4(b). The bands of 2700-2800 nm at 7
MPa presented low differences (< 0.05) of the absorption ratio between
25 and 55 °C. The maximum differences of the absorption ratio at bands
of 3000—3100 nm, 3400-3500 nm and 3600—3700 nm at 7 MPa were
0.15, 0.30 and 0.55 between 25 and 55 °C, respectively. Besides, the
density of CO, decreased from 800 to 170 kg m™~> when the temperature
increased from 25 to 55 °C, where dramatic reductions of the density (-
70 %) and the absorption ratio (- 60 %) of the 3400-3500 nm bands
were observed between 30 and 34 °C [12]. It is found that the absorption
ratio could feed back the density changes more accurately than the
temperature. Therefore, the bands of 3400-3500 nm were selected to
analyze the experiment results in the dynamic experiments due to its
sensitive response to the change of fluid density.

3.2. Dynamic characteristics of infrared absorption spectrum during the
heating process

Scattering is caused by the messy refraction of light inside the fluid,
which can be observed during the dramatic density change at pseudo-
critical points. Photos of the flow fields at 6.5, 7.5 and 10.0 MPa were
recorded as shown in Fig. 5. At 6.5 MPa, an obvious phase interface
occurred at 26.5 °C and bubbles were generated at the bottom of the
container, leading to the aggravation of scattering and contributed to
the high non-transmission ratio (> 0.95) of CO,. With the increase of
temperature, the liquid level dropped quickly, and the scattering phe-
nomenon was disappeared in the gaseous phase. At 7.5 MPa, density
stratification was observed at 32.5 °C, which moved towards the bottom
with the increase of temperature (33 °C). After the disappearance of
density stratification, the fluid presented a strong density unevenness
with an obvious scattering phenomenon. At 10.0 MPa, no density
stratification was observed and there was only a slight scattering in the
supercritical region, indicating a small density change.

To further explore the scattering characteristics near the pseudo-
critical critical points, experiments were conducted at different pres-
sures (6.5, 7.0, 7.5, 8.0, 9.0, 10.0 and 11.0 MPa) and the spectrum
characteristics of the bands of 3400-3500 nm were measured at
different temperatures (20-60 °C). As shown in Fig. 6, the peaks of CO4
non-transmission ratios were observed near the pseudo-critical tem-
peratures at different working pressures. However, the absorption ratio
of CO, decreased with the rise of temperature as in accordance with
Fig. 4(b). Therefore, the scattering appeared, reached a peak value with
the temperature approaching the pseudo-critical point and disappeared
with the further rise of temperature. The maximum non-transmission
ratios were observed near the pseudo-critical points in 7.0, 7.5 and 8.0
MPa cases, while in 9.0, 10.0 and 11.0 cases, the maximum ratios were
significantly declined and occurred in advance of the pseudo-critical
points.

3.3. Dynamic characteristics of infrared absorption spectrum during the
boost process

Working pressure variation is unavoidable but should be controlled
during the startup, the shutdown and the load variation processes in the
sCO2 Brayton cycle [28]. To illustrate the changes of the flow field
during the boost process, photos of the sectional view were recorded
with the pressure increasing from 7.0 to 9.0 MPa as shown in Fig. 7.
When the pressure increased from 7.0 to 7.5 MPa (at 30 °C), the injected
CO3 quickly filled the container, and reached the balance state in one
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Fig. 7. The phenomena of the flow field with the rise of boost operation time at different conditions, including 7.0 -7.5 MPa (30 °C), 7.0 — 7.5 MPa (35 °C), 7.5 - 8.0

MPa (35 °C) and 8.5 — 9.0 MPa (45 °C).
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Fig. 8. Spectrum characteristics of CO, within the bands of 3400 - 3500 nm in one minute of boost operation with pressure ranging from 6.5 MPa to 11.0 MPa, and

temperature between 25 and 45 °C: (a) non-transmissive ratio, (b) scattering ratio.

minute. When the pressure increased from 7.0 to 7.5 MPa, scattering
phenomenon was observed with the injection of high-pressure COo,
which mixed with the exited CO; and gradually reached a state balance
after 12 min. When the pressure increased from 7.5 to 8.0 MPa, the
injected CO, diffused quickly and reached a uniform state within two
minutes. There was no significant scattering observed in this process due
to the small density change. With the further pressure increase from 8.5
to 9.0 MPa, significant scattering near the pseudo-critical pressure
occurred again, and a long time was needed before the mixed CO5 could
reach a uniform state.

To further study the scattering of CO, with the rise of working
pressure, pressure boost experiments with fluid injection were per-
formed at different pressures (6.5-11.0 MPa) and temperatures (25-45
°C). Fig. 8(a) presented the non-transmissive ratio variation tendency of
CO; in the boosting experiments with the working pressure rising from

6.5 MPa to 11.0 MPa and the cases from Fig. 7 within the circles. The
non-transmissive ratio (~0.65) was relative constant at 25 °C, while it
continued to increase with the rise of pressure at 30 °C. At 35 °C and 45
°C, obvious non-transmissive peaks (~ 0.7) were observed near the
pseudo-critical pressures. This can be explained by the decrease of the
maximum CO; density difference between 6.5 and 11.0 MPa with the
increase of temperature as has been presented in Fig. 1. The scattering
ratios at different temperatures were further presented in Fig. 8(b),
where the scattering occurred near the pseudo-critical temperature and
then disappeared with the operating temperature moving away from the
pseudo-critical temperature.
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Fig. 10. Spectrum characteristics of CO, within the bands of 3400 - 3500 nm in one minute of depressurization operation with pressure ranging from 6.5 MPa to 11.0
MPa, and temperature between 25 and 45 °C: (a) The non-transmissive ratio and (b) scattering ratio.

3.4. Dynamic characteristics of infrared absorption spectrum during the
depressurization process

Boost process is accompanied with the fluid injection, while
depressurization process is accompanied with the fluid discharging. To
learn the changes of the flow field during the depressurization process,
photos of the sectional view were recorded with 0.5 MPa depressur-
ization processes at different pressures and temperatures as shown in
Fig. 9. When the pressure decreased from 7.0 to 6.5 MPa (at 25 °C),
slight scattering was observed and disappeared in 5 min. When the
pressure decreased from 7.5 to 7.0 MPa (at 30 °C), strong scattering was
observed in one minute, and phase interface occurred in the 5th minutes
with strong boiling in the liquid region and disappeared after 10 min.
The gasification time was more than five times longer than the lique-
faction time, which explained the stronger scattering observed in the
depressurization processes. When the pressure decreased from 8.0 to 7.5
MPa (35 °C), fluid left the container and caused chaotic internal flow.
The scattering gradually disappeared after 15 min, which was longer

than the 45 °C group.

To further study the scattering of CO5 in the depressurization oper-
ations, experiments were performed at pressures of 6.5-11.0 MPa and
temperatures of 25-45 °C. As shown in Fig. 10(a), the non-transmissive
ratios reached peaks near the phase changing or pseudo-critical points
identified with circles in the depressurization experiments with the
working pressure decreasing from 11.0 MPa to 6.5 MPa, which were the
cases shown in Fig. 9. Different from the boost experiments, depres-
surization operation caused significant non-transmissive variation at 25
and 30 °C, where peaks were observed. At 35 °C, strong non-
transmissive peaks (~0.95) were observed at 9.0 MPa, which was
similar with the boost experiments. The non-transmissive peak (~0.85)
appeared at 10.0 MPa (the pseudo-critical point) in the depressurization
operation at 45 °C, while the peak of boost experiments was appeared in
9.0 MPa. Therefore, the scattering ratios at different temperatures were
further presented in Fig. 10(b), where the scattering occurred near the
pseudo-critical temperature and then disappeared with the operating
temperature moving away from the pseudo-critical temperature.
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Compared with boost experiments, stronger scattering was observed
near the pseudo-critical pressure at different temperatures. Overall,
scattering was unavoidable during the heating, the boost and the
depressurization progresses near the pseudo-critical points, which
strengthened the non-transmissive ratio of CO, during abnormal con-
ditions and could give strong signals timely.

4. Conclusions

In this study, the absorption spectrum of CO at steady state and the
scattering of CO during dynamic (heating, boost and depressurization)
processes were studied using the infrared spectra measure method. The
absorption spectrum near 3400 nm wavelength was found to give a clear
feedback to the state change of the CO5. The density of CO, decreased
from 800 to 170 kg m~ when the temperature increased from 25 to 55
°C, where dramatic reductions of the density (- 70 %) and the absorption
ratio (- 60 %) of the 3400-3500 nm bands were observed between 30
and 34 °C. The absorption ratio could feed back the density changes
more accurately than the temperature. Dramatic scattering phenomenon
was observed near the pseudo-critical point in the heating, the boost and
the depressurization processes. This phenomenon could serve as a
warning signal during the abnormal conditions as the non-transmissive
ratio of COy was significantly increased in the liquid or supercritical
region. Density stratification was only observed at 32.5 °C and 7.5 MPa
in the heating process when the condition was close to the critical point.
Besides, the liquefaction time was shorter than 1 min, which could be
ignored in the boost process. And the gasification time was more than
five times longer than the liquefaction time, which explained the
stronger scattering observed in the depressurization processes. As a non-
contact measurement method, the infrared spectra could detect the
density change instantly without interfering fluid flows without inter-
ference the flow field. It could also improve the control accuracy of the
operating parameters and provide sensitive warning function for
abnormal conditions by monitoring the density changes.

Overall, the infrared spectra measure method seems potential for the
application in sCO; Brayton cycle and many other scenarios to monitor
the transient state of CO, near the critical point. More researches are
needed to develop a practical method with a specified software and
enough experimental data.
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