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ABSTRACT:
Supercritical water (sc-H2O) reactors have been used for both biomass gasification and the destruction of
hazardous waste. Laboratory scale reactors are typically used to develop chemical kinetic rate parameters;
these smaller reactors are operated at low Reynolds numbers and thus may suffer from slow mixing
between the reagent and sc-H2O. This slow mixing rate may introduce errors into the derived chemical
kinetic rate parameters. In this study, we investigate a multiple-jet in crossflow mixing section, which
enables rapid mixing of reagents into sc-H2O. A parametric analysis establishes an optimum jet to
crossflow velocity ratio (R) for scalar mixing using 3D computational fluid dynamics (CFD) simulations.
Kinetic theory modeling was used to calculate the physical properties of the fluids at the supercritical
state; these predictions were compared against data available in published literature. CFD simulations
show that mixing can be characterized by three distinct regimes: (i) under-penetrating jets, (ii) jets forming
counter-rotating vortices (CRV), and (iii) impinging jets. The best mixing performance is observed for
jets forming CRV, while under-penetrating jets show the poorest mixing. Decomposition of methanol
(MeOH) in a continuous-flow reactor is simulated using a global first-order chemical kinetic rate
calculated from published data. This numerical modeling sheds insight into organic compound
decomposition, and it can be used in industrial process optimization.
NOMENCLATURE
R = Velocity ratio of jet to crossflow
Dij = Diffusion coefficient
T = Temperature
Mw = Molecular weight
ρ = Density
σ = Lennard Jones energy parameter
ΩD = Diffusion collision integral
µ = Viscosity
Ωµ = Viscosity collision integral
𝜙 = Mass fraction of scalar
𝑣⃗ = Velocity

U = Mean velocity
A = Area
t = Time
Y = Mass fraction of the species
dc = Diameter of main pipe
j = Diffusion flux
𝜏𝑑 = Characteristic diffusion time
Subscript p,q = Property of pth or qth species
Subscript k = Value at the kth control area
Subscript j = Jet parameters
Subscript c = Crossflow parameters

INTRODUCTION
Supercritical water reactors have been used for biomass gasification and the destruction of toxic organic
waste. These reactors exist in batch as well as continuous flow configurations. Continuous-flow sc-H2O
reactors provide better process control, higher throughput, and scalability with reduced experimental time
over batch reactors. Many reactors use a premixed slurry of water and the organic reagent, but this can
lead to the formation of char in the heating section [1]. In chemical kinetic studies, the ambiguity about
the reaction onset in a multi-temperature experiment also introduces uncertainty in both determining the
reaction residence time and in identifying the temperature dependence of the rate constants. Post-critical
mixing, where reagents are mixed into water already above the critical point, can suffer from mixture nonhomogeneity, especially in small-scale reactors due to low Reynolds number flows [2]. Several passive
and active mixing systems have been proposed for rapid mixing of fluids in such small-scale reactors.

Reviews of microscale mixing systems[3] show that jet-based systems are preferred due to the simplicity
of design, fast mixing, and reduced cost; the mixing is improved by inducing turbulence and increasing
the diffusion surface area between the fluid streams [3].
A multiple-jets-in-crossflow (MJC) mixer consists of radially symmetric jets perpendicular to a tube or
duct carrying the bulk flow. Such mixers are used in many engineering applications, such as the production
of nanoparticles, and pyrolysis of hydrocarbons [4, 5]. Extensive numerical and experimental studies
describe the dynamics of flow structures and large-scale mixing for a single jet in crossflow [6-9]. Nondimensional parameters defining jet behavior in crossflow are momentum ratio (J) and velocity ratio (R).
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The interaction of the jet with the crossflow leads to the formation of large-scale vortex structures like
counter-rotating vortices (CRV), horseshoe, and hairpin vortices affecting jet mixing with the cross-flow
[6, 10]. Experiments and numerical simulations show that scalar mixing for multiple jets in a cylindrical
crossflow depends on the J or R parameters [11-14]. Most studies focus on mixing of fluids with welldefined properties and at moderate to large Re numbers. Because the mixing rate depends on fluid
properties, it is necessary to evaluate the performance of MJC for (i) supercritical fluid reactors and (ii) in
a laminar and transitional (to turbulent) regions.
Interest in gasifying organic compounds has prompted research into the decomposition mechanisms and
reaction rates of organic compounds in sc-H2O. Simple alcohols have been studied as surrogates for liquid
intermediates, and by-products in the decomposition of more complex molecules [15]. Reforming alcohols
in sc-H2O to produce hydrogen may also find an application in automotive fuel cells [16-19]. The scientific
literature does not present a robust methodology for numerical modeling of organic compound
decomposition in sc-H2O. Limited modeling studies have focused on predicting equilibrium composition
and the development of global chemical kinetic rates [20, 21]. However, CFD modeling has been
extensively used in combustion science to predict complex processes involving mixing/chemistry
interactions, and the reduction of complex mechanisms into global representations for industrial
applications, e.g., [22-25]. Applying such modeling techniques in supercritical systems (not limited to
water) can guide the design and improvement of existing and new reactor designs.
In this study, we investigate mixing and decomposition of organic compounds in an sc-H2O reactor using
finite volume CFD modeling. The kinetic theory model is evaluated for calculating the binary diffusion
coefficients and viscosity of the fluids in their supercritical state. These properties are then incorporated
into a CFD analysis to design an MJC mixing section for a laboratory reactor. The decomposition of
MeOH is based on first-order kinetic rates obtained using experimental data from literature [26].
NUMERICAL METHODS:
Kinetic theory model
To model the interaction between the reactants, it is essential to accurately estimate the physical and
transport properties of the fluids in the supercritical state. These properties can vary significantly with
temperature, pressure [27, 28]. Kinetic theory can provide an adequate estimate for some engineering
applications, however, the accuracy of the kinetic theory for supercritical fluids needs verification. Here
the applicability of kinetic theory to predict the binary diffusion coefficient and viscosity of benzene in
water is evaluated in the supercritical region. Benzene is one of the intermediates in the SCW
decomposition of lignin, cellulose, glucose, and biomass [29]. Conveniently, experimental data for the
binary diffusion coefficient [27] and kinetic theory parameters [30] have been presented in the literature.
The binary diffusion coefficient is calculated from the modified Chapman-Enskog equation (3).
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Equation 4 provides viscosity formulation from the kinetic gas theory for spheres using the Lennard-Jones
potential function. It is assumed that the viscosity is independent of pressure and only binary elastic
collisions occur between the molecules.
𝜇𝑝 = 2.67 × 10−6
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Table 1 compares the binary diffusion coefficient of a supercritical benzene-water mixture calculated by
kinetic theory and those reported by Nieto-Draghi et al. at similar operating conditions [27]. The calculated
viscosity of water is compared with the NIST database [31]. The predicted and the published properties
are the same order magnitude. For
the lower pressure case, the data Table 1. Comparison of the binary diffusion coefficient and viscosity of water
with the published properties [27, 31]. Benzene mole-fraction - 0.1
and theoretical calculations for both Pressure Temp
Diffusion
Diffusion
Viscosity from
Viscosity
diffusion coefficient and viscosity
(MPa)
(K)
coefficient from
coefficient by
NIST
predicted by
Nieto-Draghi [27]
kinetic theory
database [31]
kinetic theory
agree better than in the higher
(m2/s)
(m2/s)
(µPa×s)
(µPa×s)
pressure case. At higher pressures,
55.29
673
3.2 ×10E-8
5.81 ×10E-8
77.31
29.51
the decrease in the intermolecular
686.11
673
1.1 ×10E-8
0.48 ×10E-8
130.00
29.51
distance influence other molecules
on the intermolecular collisions significantly, deviating from the kinetic theory assumptions. The
introduction of additional tuning parameters into the kinetic theory calculations to account for pressure,
ionic interactions, etc. can improve the model accuracy for supercritical fluids. However, comprehensive
data sets to validate such approaches have not been developed. This task is beyond the scope of this
manuscript but will be considered as a future research direction. Since the operating pressure for most scH2O reactors is less than 55 MPa, the kinetic theory model can be used for CFD modeling. However, more
robust experimental data and analytical modeling are required to generalize these conclusions. In this
study, the diffusion coefficient and the viscosity of the fluids will be modeled using kinetic theory.
Multiple-Jets-in-Crossflow Mixer Geometry
Three-dimensional CFD analysis is used to
study the mixing of supercritical fluids in an
MJC mixer. Figure 1 shows a schematic of the
design. The numerical grid consists of ~2
million tetrahedral elements. The maximum
cell skewness is maintained below 0.85. Six
prism layers (inflation layers) are maintained
along the flow near the wall to model the
boundary layer dynamics accurately. The scH2O flows at 2.19 kg/s through a tube of ID Figure 1. Schematic for multiple jets in a crossflow mixer
3.05 mm. The benzene (10% by mass relative with four jets used in this study.
to the water) is injected through the four
perpendicular round inlets with the diameter of the injection tubes being varied. Both fluids are injected
at supercritical conditions (923 K and 25 MPa). The densities are taken from the NIST database whereas
the viscosities and diffusion coefficients are calculated by kinetic theory. Transient CFD solves the 3D
Naiver–Strokes, energy, and species transport equations [32]. The delayed detached eddy simulation
(DDES) is used to model flow instabilities and potential transition to turbulence at high jet velocities [33].
DDES resolves large scales of turbulence with LES schemes and uses RANS type schemes to model subgrid scales.

Methanol Decomposition Study
The experimental data of Hack et al. for MeOH decomposition [26] is used to derive the rate parameters.
The authors provide MeOH concentration data over a range of temperatures and residence times and
suggest that MeOH decomposition can be modeled with the overall global reaction given by (5). The
reaction rate was independent of the initial MeOH concentration in the mass fraction range of 0.002 to
0.004.
𝐶𝐻3 𝑂𝐻 + 𝐻2 𝑂 → 𝐶𝑂2 + 3𝐻2
(5)
Based on the data [26], we calculated an activation energy and pre-exponential constant of 147.96 kJ/mole
and 1.94E+10 s-1 respectively; these rate parameters are used in CFD. Equation 3 is used to calculate the
binary diffusion coefficient while other fluid properties are taken from the NIST database.
RESULTS
Optimization of the Mixing Section
The results of the CFD simulations for mixing Table 2. Jet parameters used for all simulations
ratio
Jet inlet
Jet
Jet trajectory
water and benzene in an MJC mixer are Case Velocity
(R)
diameter (mm)
Re
presented in this section. The mixing rate and
1
0.22
0.60
670
Under-penetrating jets
2
1.26
0.25
1609
the large-scale flow features depend on the
CRV Jets
3
2.73
0.17
2367
momentum flux ratio (J) [6, 11, 13]. For all the
4
10.00
0.09
4526
Impinging Jets
simulations, the density of the fluids is
constant, and J can be expressed as R. For a constant mass flow rate of jet and crossflow, the diameter of
jets is varied to study the influence of R on the mixing rate and the large-scale flow features. Table 2
summarizes the jet characteristics for each simulation. The jet diameter varied 0.1 - 0.6 mm, Re =670 4023, covering the laminar and transitional flow regimes. To understand the mixing process, it will be
useful to revisit the basic principles of mixing. Fick’s law gives the diffusion flux transfer of a species per
unit area (6).
𝑗𝑝 = −𝐷𝑝𝑞 ∇𝑌𝑝 .
(6)
By re-arranging (6), the characteristics diffusive flux can be expressed as [3]:
1
𝜏𝑑,𝑝
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Equation 7 gives the characteristic diffusion time for any species, where "𝐴" is the diffusion area between
the two fluids. The diffusion rate improves with the increase in contact area, diffusion coefficient, and
concentration gradient. Equation 8 gives the uniformity index (UI). This is a measure of mixing
uniformity, representing a variance in the species concentration, weighed by mass flux, over the crosssection of the flow. UI values close to unity represent a homogeneously mixed state, and values close to
zero indicate segregated flow.
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Figure 2 (a) shows the path-lines originating from the jet inlet withthe axial vorticity contours at 100mm
from the injection plane (end-view from water inlet). The flow pattern can be characterized as: (i) underpenetrating jets, (ii) jets forming CRV, and (iii) impinging jets.

Case 1

Case 2

Case 3

Case 4

(a)

(b)

Figure 2. (a) Path-lines of flow (in black) originating at jet inlets along with the instantaneous vorticity contour at a
cross section 10 cm from the jet inlet for specified jet parameters. The strength of counter-rotating vortices increases
with the velocity ratio until the jets impinge and make the flow chaotic. (b) UI along the dimensionless axial distance
for the jet with specified momentum ration. The jets forming CRV leads to the fastest mixing.

For a given geometry, jets underpenetrate for lower R values (Case 1) as the momentum of the jets is not
enough to penetrate the crossflow. The fluid from the jet is trapped in the boundary layer of the crossflow
and does not result in significant flow vorticity (see colored vorticity contours). The results are consistent
with the direct numerical simulation (DNS) study by Rau and Mahesh for a single jet in crossflow, which
shows no coherent vortex ring formation for R<2 [34]. The jets penetration improves with increased R.
For cases 2 and 3, CRVs are observed downstream of the jets; the mixing rates for these cases are similar.
The increased velocity ratio does not improve the diffusion area but increases the strength of CRV.
However, for case 4, the jets have enough momentum to penetrate the crossflow and impinge at the center,
making the flow turbulent. No CRVs are observed, as the jets lose their initial vorticity after the collision
and behave similar to a point momentum source at the impingement location. Momentum displacement
and turbulent diffusion allow the reagent to mix with the bulk flow in all directions moving away from
the impingement region, and eventually to be carried downstream by the bulk flow. This locally turbulent
jet can relaminarize if the pipe Re is laminar. Figure 2 (b) shows the UI of benzene vs. the non-dimensional
axial distance. For case 1 the jets underpenetrate, and mixing is slowest as the diffusion area between the
fluids is the lowest. CRV forming jets show the best mixing due to the high contact area. The mixing
rate for impinging jets is slower than the jets forming CRV as the impingement of jets forms a single
stream of benzene in the center instead of four streams as in case 2 and case 3 with CRV. Optimum mixing
in the MJC mixer occurs at flowrates and jet diameters that promote CRV structures.
Decomposition Simulations of Methanol in Supercritical Water
The first-order chemical kinetics derived from literature data, as described above [26], were used in a CFD
calculation to observe the influence of finite rate mixing on the decomposition rate of methanol. Table 3
shows the conditions used in the CFD simulation. The Table 3. The boundary condition for modeling
low Re suggests laminar bulk flow conditions for all MeOH decomposition
cases. MeOH is injected from four radial orifices, each Average Temp in Mass Flow Rate Residence Reynold’s
the Reactor (K)
of Water (g/s)
Time (s)
Number
with a 0.25 mm internal diameter. Due to the flow
0.058
653
100.0
384
symmetry is shown in Figure 1, we adopt a
0.042
683
94.3
422
719
0.050
21.6
652
computational domain that consists of a quadrant
section of the 3D domain. Domain length is based on the residence time required to fully decompose
MeOH at each temperature. Figure 3(a) compares the MeOH decomposition rate predicted by CFD with

the premixed data that are uninfluenced by mixing. The normalized concentration of MeOH for the CFD
is evaluated at various cross-sections of the domain corresponding to the experimental residence times for
each temperature. [CH3OH]0 is the initial concentration of MeOH at the injection plane. The predicted
MeOH concentration is in close agreement with the experimental data, which indicates that the overall
MeOH destruction is not influenced by finite-rate mixing under these conditions. The principal reason for
this is that the chemical rate is relatively slow compared to the mixing rate. The effect of the mixing rate
on the overall reaction can, however, be significant for slow mixing and fast chemical rates. The
relationship between the mixing and kinetic rates can be described by the global and local Damkohler
(Da) and Karlovitz (Ka) numbers, which are often used in combustion modeling, e.g., [35]. In the CFD
simulations, the competition between the mixing and chemical kinetic rates in the presence of turbulence
can be evaluated using a model describing turbulence-chemistry interaction, e.g., the eddy-break-up model
or the eddy dissipation concept as presented in combustion literature [36, 37]. Figure 3(b) shows the
normalized concentration and UI as a function of residence time in the reactor. The mixing rate is
significantly faster than the decomposition rate of MeOH in sc-H2O, especially at the lower temperatures.
UI reaches 90% in less than 2 secs, while for rates based on Hack et al. data, it takes more than 30 secs
for 50% decomposition at 683 K and 10 sec at 653 K. However, at 719 K, the reaction rate of MeOH
becomes comparable to the mixing rate.

Since 50% of the MeOH is reacted at UI~0.8, the plug flow assumptions are not valid in this operational
condition. An experimentally determined reaction rate at such conditions can be considerably affected by
Figure 3. (a) MeOH decomposition at different reactor temperatures from CFD compared with the data [26]. (b)
Uniformity Index and the MeOH concentration vs. the residence time in the reactor. The mixing time is
approximately 1 s, which is significantly less than the characteristic chemical time.

the mixing rate. The decomposition rate of MeOH in sc-H2O is moderate compared to other organic
molecules. For example, the reaction rate of glucose and glycerol are an order magnitude greater than for
MeOH [29]. Therefore, for high temperatures and compounds with rapid decomposition, the mixing
section design becomes critical.
CONCLUSIONS:
The mixing and decomposition of organic compounds in supercritical water have been studied with CFD.
The kinetic theory was used to evaluate the diffusion coefficient and viscosity of a benzene and water
mixture. The model shows good agreement with published properties for 55 MPa, allowing its use in
practical applications. The mixing of supercritical fluids in an MJC mixer was studied using DDES CFD
simulations. The velocity ratio of the jets to crossflow was varied by changing the diameter of the jets.
The best mixing occurs at an optimum velocity ratio when jets form CRV downstream of the injection
location. Low velocity-ratios give slow mixing as the jets under-penetrate the bulk flow. At higher velocity

ratios, the jets impinge, resulting in the formation of a single jet and reducing the available diffusion
surface area. Decomposition of MeOH was modeled. The model shows good agreement with the
experimental data. With MJC the mixing rate was considerably faster than the decomposition rate of
MeOH at lower temperatures. At higher temperatures, the kinetic rate becomes comparable to the mixing
rate. Plug flow assumptions may not be valid in situations of slow mixing and fast chemical kinetic rates.
For such scenarios, the mixing section should be carefully designed for fast mixing. The computational
modeling approach described can be used for the design and optimization of supercritical fluids reactors.
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