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An Experimental Investigation of Supercritical Methane Injection
Characteristics in a CO2 Environment
CO,RIE MEBmRAPLEIAREERNR
By Ritesh Ghorpade, Gihun Kim, K. R. V. Manikantachari (Raghu), Joshua
Weiner, Daniel T. Banuti, Subith Vasu

Center for Advanced Turbomachinery and Energy Research (CATER), University of Central
Florida, Orlando, FL 32816

Abstract

Clean energy generation is gaining significant attention from industries, academia,
and governments across the globe. The Allam cycle is one such technology that has
been under focus due to its efficiency, environmental friendliness, and economics.
This is a direct-fired cycle operating at supercritical conditions using carbon dioxide
as a working fluid. Fuel or oxidizer jet mixing with COx is a vital phenomenon that
governs combustion efficiency, and it is not well understood for the Allam cycle
conditions. This paper experimentally investigated the jet characteristics of a methane
jet injected into a subcritical to supercritical carbon dioxide environment. A wide
range of injection pressures and temperatures were targeted between subcritical to
supercritical conditions. Unlike previous studies, the current work focused on
injecting lower-density (methane) jets into higher-density (carbon dioxide)
environments. Schlieren imaging and methane absorption measurements were
simultaneously performed with a CMOS high-speed camera and a 3.39 um infrared
laser. Specifically, we looked at the classical injection parameter of jet spreading
angle, which was classically established to be mainly a density ratio function. Here,
the jet cone angle was obtained from the postprocessed schlieren imaging. The jet
cone angle is a critical characteristic parameter that describes the entrainment rate in a
jet; thus, it is a crucial parameter in understanding the nature of the jet. The laser
measurements were only used as an additional check to confirm the entry time of
methane into the chamber filled with carbon dioxide. Notably, this paper makes a
detailed comparison between the jet cone angles of jets with a density ratio. The result
showed that the classical correlations, such as Abramovich's theory applied to
submerged turbulent gas jets developed for low-density ratio jets, were unsuitable for
higher-density ratio jets. It was also observed that the divergence angles were
dependent not only on density ratio but also on other parameters such as pressure

ratios and reduced pressures.

Keywords: jet spreading, supercritical CO2, methane injection, subcritical region
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Chemistry and Dynamics of Supercritical Carbon Dioxide and Methane in the
Slit Pores of Layered Silicates
AR BL B PR A A P B ER SR _ | CARFI PR EE M B 2
By Geoffrey M. Bowers*, Narasimhan Loganathan, John S. Loring, Herbert Todd
Schaef, and A. Ozgur Yazaydin
Department of Chemical Engineering, University College London, London, U.K. WCIE 7JE

Abstract

Conspectus

In the mid 2010s, high-pressure diffraction and spectroscopic tools opened a window
into the molecular-scale behavior of fluids under the conditions of many CO>
sequestration and shale/tight gas reservoirs, conditions where CO> and CH4 are
present as variably wet supercritical fluids. Integrating high-pressure spectroscopy
and diffraction with molecular modeling has revealed much about the ways that
supercritical CO2 and CH4 behave in reservoir components, particularly in the slit-
shaped micro- and mesopores of layered silicates (phyllosilicates) abundant in
caprocks and shales. This Account summarizes how supercritical CO2 and CH4
behave in the slit pores of swelling phyllosilicates as functions of the H>O activity,
framework structural features, and charge-balancing cation properties at 90 bar and
323 K, conditions similar to a reservoir at ~1 km depth. Slit pores containing cations
with large radii, low hydration energy, and large polarizability readily interact with
COa, allowing CO> and H>O to adsorb and coexist in these interlayer pores over a
wide range of fluid humidities. In contrast, cations with small radii, high hydration
energy, and low polarizability weakly interact with CO, leading to reduced CO:
uptake and a tendency to exclude CO; from interlayers when H>O is abundant. The
reorientation dynamics of confined CO2 depends on the interlayer pore height, which
is strongly influenced by the cation properties, framework properties, and fluid
humidity. The silicate structural framework also influences CO; uptake and behavior;
for example, smectites with increasing F-for-OH substitution in the framework take
up greater quantities of CO». Reactions that trap CO; in carbonate phases have been
observed in thin H>O films near smectite surfaces, including a dissolution—
reprecipitation mechanism when the edge surface area is large and an ion exchange—
precipitation mechanism when the interlayer cation can form a highly insoluble
carbonate. In contrast, supercritical CHs does not readily associate with cations, does

not react with smectites, and is only incorporated into interlayer slit mesopores when



(1) the pore has a z-dimension large enough to accommodate CHa, (i1) the smectite has
low charge, and (iii) the H2O activity is low. The adsorption and displacement of CH4
by CO; and vice versa have been studied on the molecular scale in one shale, but

opportunities remain to examine behavioral details in this more complicated, slit-pore

inclusive system.

ERAGRE © https://doi.org/10.1021/acs.accounts.3c00188




Direct Numerical Simulation of Fluid Flow and Heat Transfer of a Reactive

Particle Layer with Stefan Flow in Supercritical Water
FBER 5K TP HT 5 MRt A B A B0 AN 2 B RE KL fE 2B RO B BB 1R ¢
By Yingdong Wang, , and Hui Jin*
State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong
University, Xi’an710049, China

Abstract

Supercritical water gasification is an efficient and clean way of energy conversion.
The research on different scales, such as the system, reactor, and particle, has
different temporal and spatial significance. A study on particle—particle and particle—
fluid—particle interaction on the particle scale has a fundamental guiding value for
revealing gasification performance on the reactor scale. Reactive particles such as
coal are pyrolyzed and gasified in a high-temperature and high-pressure reactor to
form Stefan flow, which affects the mass, momentum, and energy transfer between
particles and supercritical water. In this paper, a particle-resolved direct numerical
simulation study of a reactive particle layer in supercritical water is carried out to
investigate the effect of different particle layer solid holdups and Stefan flow
intensities and distributions on the flow and heat transfer process between the particle
layer and supercritical water. This work analyzes the pressure and friction drag
coefficients to which the particles are subjected and specifies the flow, velocity, and
temperature distribution inside and around the particle layer. The results show that the
drag coefficient and Nusselt number of particles in the particle layer decrease
gradually along the flow direction, and the presence of particle Stefan flow further
reduces the drag force and Nusselt number of particles. With the increasing solid
holdup of the particle layer, the particle—fluid—particle interaction becomes more

intense, and the effect of Stefan flow cannot be negligible.

ERAGRE © https://doi.org/10.1021/acs.iecr.2c03866
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Holding water in a sieve—stable droplets without surface tension -
K RIFEER & - IBERKE - RBERERN
By N. P. Longmire, S. L. Showalter & D.T. Banuti
Department of Nuclear Engineering, The University of New Mexico, Albuquerque,
NM, 87131, USA

Abstract

Our understanding of supercritical fluids has seen exciting advances over the last
decades, often in direct contradiction to established textbook knowledge. Rather than
being structureless, we now know that distinct supercritical liquid and gaseous states
can be distinguished and that a higher order phase transition - pseudo boiling - occurs
between supercritical liquid and gaseous states across the Widom line. Observed
droplets and sharp interfaces at supercritical pressures are interpreted as evidence of
surface tension due to phase equilibria in mixtures, given the lack of a supercritical
liquid-vapor phase equilibrium in pure fluids. However, here we introduce an
alternative physical mechanism that unexpectedly causes a sharpening of interfacial
density gradients in absence of surface tension: thermal gradient induced interfaces
(TGIIF). We show from first principles and simulations that, unlike in gases or
liquids, stable droplets, bubbles, and planar interfaces can exist without surface
tension. These results challenge and generalize our understanding of what droplets
and phase interfaces are, and uncover yet another unexpected behavior of supercritical
fluids. TGIIF provide a new physical mechanism that could be used to tailor and

optimize fuel injection or heat transfer processes in high-pressure power systems.
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hydroalcoholic fragrances by supercritical fluid chromatography-tandem mass
spectrometry
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Abstract

Citrus essential oils, thanks to their pleasant aroma, are certainly the most used
ingredients in the formulation of hydroalcoholic fragrances. The non-volatile fraction
of Citrus essential oil is composed for 10-20% of coumarins, furocoumarins and
polymethoxyflavones. It is well known that furocoumarins induce photosensitization
and have potential carcinogenic and mutagenic effects. It follows that furocoumarins
levels in cosmetics product are constantly monitored by opinions and regulations
issued by the International Fragrance Association.

The aim of this research article was to quantify coumarins, furocoumarins and
polymethoxyflavones in thirty commercial hydroalcoholic fragrances using
supercritical fluid chromatography in combination with triple quadrupole mass
spectrometry technique (SFC-QqQ-MS). According to author’s knowledge, this is the
first report on the determination of oxygen heterocyclic compounds in hydroalcoholic

fragrances by means of SFC-QqQ-MS technique.

Keywords: Furocoumarins, hydroalcoholic fragrances, supercritical fluid

chromatography, citrus essential oils, quality control
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Abstract

The extract obtained at supercritical fluid extraction from plant raw material is
essentially multicomponent. A multicomponent mass-transfer model at the particle
scale is developed to account for the non-ideality of the chemical interactions between
solute components. The oil is represented by two pseudo-components, and the
gradient of the chemical potential is considered the driving force for the mass transfer.
The model is based on the regular solution and Gibbs energy approaches to the
thermodynamic modeling of phase equilibria that take place in the raw material with a
high initial oil content. The Stefan—-Maxwell approach is used to balance the drag
effect/chemical interactions and the driving force of diffusion in a non-equilibrium
multicomponent solution. It is demonstrated that the two solute components may act
as “co-solvents”, thus facilitating the extraction of each other, or as “anti-solvents”,
thus decreasing the overall extraction rates. At least a 60% relative error in the overall
flux from the particle surface is observed when the developed model is compared
against a simplified approach that considers the solution as an ideal system. It is found
that while the flowing fluid accumulates the extracted solute, the phase separation
may take place in the pore volume of the packed bed. Possible conditions of phase

separation in the pores of the packed bed are discussed.
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Supercritical Carbon Dioxide Shock Behavior Near the Critical Point
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Abstract

This paper aims to provide an understanding of sCO> inviscid adiabatic normal shock
behavior near the critical point and to develop an explicit tool for faster prediction of
the shock relations that can aid the supercritical turbomachinery design process. An
iterative algorithm was developed to compute shockwave behaviors for nonideal
fluids. Three important shock behavior parameters were investigated: postshock Mach
number, shock strength, and polytropic efficiency. A comparative study was carried
out between air (ideal gas assumption), ideal gas CO; (ideal gas assumption), and
nonideal fluid CO2 (Span—Wagner equation of state). The distinct differences show
the inadequacy of the perfect gas shock relations when predicting sCO» shock
behavior near the critical point. The results of nonideal fluid calculations show a
general trend of stronger shock strengths and higher polytropic efficiencies toward
lower preshock entropy conditions. This is also distinctive near the critical point due
to the reduced speed of sound. Finally, explicit expressions for these parameters were
retrieved using symbolic regression. The fitted models have significant improvements
compared to the prediction from perfect gas shock relations with a 5-20% point
reduction in relative errors. This study also shows the potential for machine learning
to be applied in nonideal fluid effects modeling and the methodology developed in

this paper can be easily introduced to other working fluids in their ranges of interest.
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