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Supercritical water oxidation of isopropyl alcohol was investigated in a pilot-scale 
reactor. A computationalfluid-dynamics model developed reveals the detailed flow field, 
chemical-component distribution, temperature distribution, and salt-particle trajectories 
in the reactor flow domain. The near-wall fluid temperature from the numerical analy- 
sis was compared with experimental temperature data. The temperature comparison was 
within a 3% error band. The effect of the chemical kinetic rate was investigated for four 
different rates. Turbulent salt-particle trajectories were also calculated to investigate the 
effect of particle sizes on salt deposit on the wall. Also, a method of calculating the 
adiabatic reaction temperature was developed to estimate reaction temperatures prior to 
a full numerical simulation. 

introduction 
The oxidation of a variety of chemical contaminants in su- 

percritical water has been recently reported (Tester et al., 
1992; Savage et al., 1995). The process is based on bringing 
water, organics, and oxygen together at conditions above the 
critical point of water (374"C, 221 bar). Under these condi- 
tions organics are rapidly oxidized to carbon dioxide and wa- 
ter (Modell, 1989). The technology is currently being investi- 
gated by numerous government organizations (Kochan and 
Oh, 1995; Moore and Simonson, 1993; Rice et al., 1993; 
Buelow et al., 1990), universities (Savage and Smith, 1995; 
Tester et al., 1993; Gloyna, 1989; Johnston and Haynes, 1987; 
Klein et al., 1990, Dixon and Abraham, 1992; Brennecke and 
Eckert, 1989), and private industry (Modell, 1985; Killilea et 
al., 1992; Barner et al., 1992; McBrayer and Griffith, 1995) as 
a non-polluting alternative to other waste-disposal tech- 
niques such as incineration and biological treatment. 

The solvation properties of supercritical water (Cummings 
and Chialvo, 1994) are significantly different from liquid wa- 
ter and steam. Liquid water at ambient temperatures has a 
dielectric constant of approximately 80, due largely to hydro- 
gen bonding. As the temperature is increased, the dielectric 
constant of water decreases. Above its critical point, the hy- 
drogen bonding between water molecules is very small. The 
dielectric constant of water (Uematsu and Frank, 1980) and 
the ionic dissociation constant (Marshall and Franck, 1981) 
under these conditions is on the order of 1 to 10 and approxi- 
mately - 20 (mol/kg)2, respectively. This results in supercrit- 
ical water being an excellent solvent for most organic com- 

pounds. These unique solvation characteristics of supercriti- 
cal water makes chemical oxidation very rapid and complete, 
which results in high destruction efficiencies. 

In addition, most inorganic salts exhibit sharply reduced 
solubilities above the critical point and will rapidly precipi- 
tate out of solution. These physical and chemical characteris- 
tics led to the development of the vertical reactor process 
wherein hazardous wastes are oxidized and inorganic salts are 
separated in a single reactor vessel. Inorganic salts created by 
feed neutralization, as well as salts present in the initial waste 
feed stream, precipitate in the reaction medium due to the 
low solubility in the supercritical water, and can be dissolved 
in a cold liquid pool at the bottom of MODAR's vertical ves- 
sel, to be separated out of the reactor. The process has 
demonstrated high destruction efficiencies of hazardous or- 
ganic constituents in excess of 99.99% in a single step (Hong, 
1995). The relatively low temperature (less than 600°C) 
process precludes the formation of primary pollutants, NO, 
and SO,. 

SCWO Reactor Configuration 
The MODAR supercritical water oxidation (SCWO) pilot 

scale reactor is a vertical-vessel-type reactor. The reactor 
consists of a vertical vessel, a coaxial nozzle, and a conical 
bottom portion where salts formed by neutralization are sep- 
arated, as shown in Figure 1. The nozzle design and configu- 
ration is the most important configuration in the reactor. It 
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Figure 1. MODAR pilot-scale SCWO vessel reactor. 

feeds chemical constituents and oxygen to the reactor. De- 
pending on the nozzle design, it can minimize salt deposits 
along the wall through its influence on the salt-particle trans- 
port in the reactor. The percentage of organics in the feed 
stream determines the exothermic energy release in the 
chemical reaction, which eventually determines the tempera- 
ture in the reactor flow domain. The typical throughput is 
4.4 X lo6 J/kg heating value in the waste feed stream (Oh 
and Kochan, 1995). This heating value maintains the reactor 
temperature at about 600°C. Since the reactor is operated at 
high pressures, the heating value of 4.4 x lo6 J/kg becomes a 
reactor design constraint, because a higher heating value re- 
quires a thicker reactor pressure vessel. This is not desirable 
in terms of reactor safety and construction cost. 

A brine pool is provided at the bottom of the reactor where 
the precipitated salt is dissolved and separated through the 
exit pipe. Cold water is fed to the brine pool to maintain the 
pool level. 

Numerical Procedure 
Governing equations 

This problem consists of three-dimensional turbulent (Rey- 
nolds number downstream of the nozzle is 300,000) flow in 
the vertical-vessel reactor. In these calculations, an assump- 
tion of two-dimensional flow is used because of the axisym- 
metricity of the reactor geometry. 

The flow field in the reactor is described by the mass, mo- 
mentum, and energy-conservation equations: 

dP d - + -( pu,) = rit" 
d t  axi 

d d dP 
- ( p u i ) + - ( p u . u . ) = - -  
d t  axj d X i  

d +- d X j [  (::: -+- :::)I + p g i + F ,  (2) 

where xi  is the distance in the ith direction; ui is the fluid 
velocity component; p is the fluid density; m" is the rate of 
mass addition to the fluid; P is the static pressure; p is the 
dynamic viscosity of the fluid; gi is the gravitational accelera- 
tion; Fi are external body forces; h is the static enthalpy; k is 
the molecular conductivity; k ,  is the turbulent conductivity; 
J j ,  is the flux of species j ' ;  T~~ is the viscous stress tensor; and 
Sh is a source term that includes the heat of chemical reac- 
tion. The numerical solution of the governing partial differ- 
ential equations (Eqs. 1-3) begins with discretization of the 
field into a collection of control volumes. The differential 
equations are approximated by a set of algebraic equations 
on this collection, and this system of algebraic equations is 
then solved to produce a set of discrete values that approxi- 
mate the solution of the partial differential system over the 
field. First, it is realized that the governing equations can be 
rewritten in a canonical form (Patankar, 1980) as 

d 
-( d X i  pui41  = d d X i  (r?) + S, (4) 

where the generic dependent variable 4, diffusion coefficient 
r, and source term S can be specified to uniquely define a 
particular equation. In this study, the algebraic equation sys- 
tem is solved by the algorithm called SIMPLE (Patankar, 
1980), a semiimplicit iterative scheme that starts from an ini- 
tial guess and converges to the correct solution after per- 
forming a sufficient number of iterations. 

The numerical techniques described thus far are available 
from several commercial computational fluid dynamics soft- 
ware packages (e.g., Fluent, 1996). The effective viscosity is 
defined by the relation 

Peff = P + (5) 

where p is the molecular viscosity and pt is the turbulent 
viscosity deduced by employing a turbulence model. In this 
study, the renormalization group (RNG) k-E turbulence 
model (Yakhot and Orszag, 1986) is used. The RNG-based 
k-E turbulence model follows the two-equation turbulence 
modeling framework and uses dynamic scaling and invariance 
together with iterated perturbation methods. The transport 
equations for the turbulent kinetic energy, k ,  and the turbu- 
lent dissipation, E ,  in the RNG model are 

d dk  dk - + ui-  = prS2 - E + - 
d t  d x i  d X i  

a E  E E 2  d 
- + u ~ - = C , - ~ , S * - C ~ - + -  apt- - R ,  (7) 
at d x i  k k d x i  ( a)  

where S 2  = 2S,jSij is the modulus of the rate of strain tensor, 
C,  and C, are 1.42 and 1.68, respectively, (Y is 1.39, and 

where 17 = Sk/E, qo = 4.38, and P = 0.012. The study per- 
formed by Orszag et al. (1993) indicates that the RNG k-€ 
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turbulence model is more accurate than the standard k-E 
turbulence model, particularly for the flow recirculation and 
vortex shedding situation. 

The conservation of species j ' is described by the following 
equation: 

where mi! is the mass fraction of species j ' ,  J i r , i  is the diffu- 
sive mass flux of species j '  in the ith direction, and Sir is the 
net rate of production of species j '  per unit volume due to 
chemical reaction. 

Calculations were performed using a single-step chemical 
reaction model that was either diffusion-controlled or kineti- 
cally controlled. For the kinetically controlled model, an Ar- 
rhenius expression was used to calculate the reaction rate, 
and for the diffusion-controlled model, the turbulence levels 
were used. It was assumed that the minimum of the two rates 
controls the reaction. 

The eddy breakup model of Magnussen and Hjertager 
(1976) is used to model the effect of turbulence on the reac- 
tion rate: 

where M and MW are the mass fraction and molecular 
weight, respectively. 

The trajectory of a dispersed particle was obtained by inte- 
grating the force balance on the particle, which is in a La- 
grangian fashion. This method equates the particle inertia 
with the forces acting on the particle as shown below: 

(10) 

where FD(u - u p )  is the drag force per unit particle mass, u 
is the fluid-phase velocity, up is the particle velocity, and 

18p C,Re 
ppDi 24 ' 

FD=-- (11) 

where C, is the drag coefficient and a function of the rela- 
tive Reynolds number of the following general form: 

CD = a, + a,/Re + a,/Re2, (12) 

where the ak are constants that apply over several ranges of 
Re given by Morsi and Alexander (1972). 

Boundary conditions 
The geometry is symmetried with respect to the vessel axis 

center line. At the symmetry bounday, the normal velocity 
and normal gradients of all variables are zero: 

(13) 

The MODAR proprietary vessel reactor is shown earlier in 
Figure 1. This figure is not to scale; the actual reactor length 
is proportionally greater than shown. The domain was dis- 
cretized into 209 axial x 35 radial (7,315 total) cells represent- 
ing axisymetrically one-half of the reactor. The thin oxidant 
inlet nozzle annulus was modeled by a single cell, while the 
larger waste inlet inner or core nozzle flow was modeled by 
five cells. The proprietary nozzle injects oxidant, waste, and 
supercritical water vertically downward. The boundary condi- 
tions of the vessel reactor computational domain include: 

1. A coaxial inlet nozzle introducing 1.18 kg/min of water 
and 0.125 kg/min of isopropyl alcohol in the core at 234.4 
bar and 50°C. The annular flow in the nozzle consists of 1.539 
kg/min of air and 1.305 kg/min water at 234.4 bar and 620°C. 
A uniform axial velocity profile was assumed at the core and 
annular nozzle exit. 

2. Flow exits at the upper section. 
3. An axisymmetric boundary condition along the vessel 

center line. 
4. The reactor was insulated from the top head down to 

the conical section with approximately 3 in. of vermiculite to 
reduce the heat losses. A heat-transfer coefficient of 1.96 
W/m2.K and an effective ambient temperature of 27°C were 
used to simulate these conditions. 

5. The conical section and the bottom cylinder were unin- 
sulated. For the simulation a linear wall-temperature distri- 
bution was assumed in this lower section. The wall tempera- 
ture was assumed to be 600°C at a location 1 foot above the 
conical section, and it linearly decreased to 200°C at the bot- 
tom of the reactor. 

6. A brine makeup inlet flow of pure water at 27°C was 
injected into the lower cylindrical section to establish a pool 
of subcritical water where salts are dissolved and separated 
at the bottom. 

7. Gravitational forces were included because the vessel 
was oriented vertically with the inlet flows injected down- 
ward. 

Fluid properties 
The physical properties (C,, p, k ,  and p )  of the five chem- 

ical compounds (isopropyl alcohol, oxygen, nitrogen, water, 
and carbon dioxide) at 234.4 bar were obtained from using 
ASPEN PLUS, which is a chemical process simulation com- 
puter software package (ASPEN PLUS, 1994). For instance, 
ASPEN PLUS uses the NBS steam table (Haar et al., 1984) 
for the density and specific heat of water. At the critical tem- 
perature of 374"C, the specific heat is based on experimental 
data (Sirota and Mal'tsev, 1962). Other properties are esti- 
mated using the cubic equation of state of Schwartzentruber 
and Renon (1989), an extended form of the Redlich-Kwong 
(1979) cubic equation of state, which is recommended for 
highly nonideal systems at high pressure and temperature: 
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Figure 2. Heat capacities of SCWO fluids. 

where a is an attractive term, b is a repulsive term, and c is a 
volume translation term to adjust for critical properties. These 
binary parameters and mixing rules are built into ASPEN 
PLUS and estimated using the UNIFAC model (Fredenslund 
et al., 1975), a functional group contribution method. 

Figures 2 to 5 show the specific heat, density, viscosity, and 
thermal conductivity of all the chemical species calculated 
from the equations of state just described and used in this 
study. As shown in these figures, the water properties changed 
very significantly near the critical condition of water. Figure 6 
shows specific heats of water at 231 bar and near the critical 
temperature of 374°C from the NBS steam table and the ap- 
proximation used in this study. As shown in Figure 6, the 
experimental values of specific heat measured by Sirota and 
Mal'tsev (1962) and implemented in the NBS table have a 
sharp curve near the critical temperature, which can result in 
numerical instabilities when the enthalpy equation is inte- 
grated. The approximate curve was computed to ensure that 
the integral of the curve was the same as that from the NBS 
curve so that temperatures in the flow domain of the reactor 
are calculated accurately. The mixture properties were com- 
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Figure 3. Densities of SCWO fluids. 
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Figure 4. Viscosities of SCWO fluids. 

puted based on mass fractions. These are ideal mixing as- 
sumptions and may not be strictly accurate at these supercrit- 
ical conditions. 

Chemical reaction rate 

step oxidation of isopropyl alcohol (IPA) given by 
The reaction considered in this simulation was the single- 

9 
2 

C3H70H+ -0, -i 3C0, + 4 H 2 0 .  (15) 

The Arrhenius reaction rate used to model the kinetics con- 
trolled case is 

d[C3H70H1 = n e x p (  ;)[C,H,OH], (16) 
dt - 

where 

a = 6.801 x lo5 s- '  and b = - 8 . 1 2 6 ~  10' K. 
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Figure 5. Thermal conductivities of SCWO fluids. 
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Figure 6. Comparison of actual water heat capacity at 
23.4 MPa with the approximation used in the 
model. 

There is no kinetic rate for IPA oxidation in the literature. 
The Arrhenius kinetic rate constants for this study were pro- 
vided by MODAR. These data were regressed from non- 
isothermal pipe reactor temperature data, where a 25°C 
IPA/water stream was mixed and reacted with a 550°C wa- 
ter/air stream. 

From our previous bench scale validation study (Oh, 1996), 
kinetic data from similar ethyl alcohol rate data obtained from 
MODAR and regressed to obtain an Arrhenius rate expres- 
sion were compared with those measured by Helling and 
Tester (1988). The rates agreed very well at 600"C, but the 
MODAR data were 4-5 orders of magnitude higher at near- 
critical conditions. These findings led us to investigate the 
effect of various kinetic rates on the CFD calculations. 

In order to quantify the effect of kinetic rates on the de- 
struction efficiency and other parameters investigated, a sen- 
sitivity analysis was performed for four different rate equa- 
tions. Basically, we changed the base-line isopropyl alcohol 
kinetic rate MODAR provided to us to account for an uncer- 
tainty band on the reaction rates. 

The following cases were considered 
Case I. Base-line MODAR kinetic rate. 

Case 4. Keep the rate at 600°C the same as the base-line 
case and the rate at 375°C equal to 10% of the base line. 
This Arrhenius expression produces lower reaction rates in 
the low-temperature mixing zone: 

The Arrhenius plots for cases 1-4 are shown graphically in 
I Figure 7. 

R~pA=6.801x105exp( 8 * 126X lo7 )[C,pA]. (17) 

Case 2. Increase the rate constant by a factor of 10. This 
Arrhenius expression produces higher reaction rates in the 
low-temperature mixing zone: 

Case 3. Decrease the rate constant by a factor of 10. The 
Arrhenius expression produces lower reaction rates in the 
low-temperature mixing zone: 

Adiabatic Reaction Temperature Calculation 
Initial CFD simulations of the MODAR test run showed 

that using MODAR test data inlet conditions, such as flow 
rates and inlet temperatures, resulted in near-wall fluid tem- 
peratures lower than the 600°C measured, perhaps indicating 
that some inlet boundary conditions may not be correct. To 
check this, we developed a method to calculate the adiabatic 
reaction temperature. 

The adiabatic reaction temperature is defined as the tem- 
perature that would be reached if the fuel and oxidant streams 
mixed and reacted adiabatically. If the heat losses from the 
reactor are low, as they are in this pilot-scale reactor, the 
steady-state well-mixed outlet temperature predicted by this 
model will converge to a value very near the theoretical adia- 
batic reaction temperature. 

The energy equation in terms of conservation of the static 
enthalpy is defined as: 
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Figure 7. Variations of Arrhenius reaction-rate curves 
considered in this study (MODAR's IPA curve 
is the base line). 
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where mi is the mass fraction, Tref is a reference tempera- 
ture of 27T, and cp,i is the specific heat at constant pressure 
of species i. This sensible enthalpy does not include the en- 
thalpy of formation of each species. For chemically reacting 
flows the instantaneous enthalpy, h*, can be calculated as 

1 hy 
h* = [ 1: c,,~ dT + - + / '"'c~,~ dT , (23) 

I ref Mi ~ r e i ,  

where hp is the enthalpy of formation of species i obtained 
at reference temperature Tref,, and Mi is the molecular weight 
of species i .  

The adiabatic reaction temperature is the fluid tempera- 
ture that satisfies the mass-averaged enthalpy formulation and 
can be used as a check of input conditions. A mass-averaged 
instantaneous enthalpy can be expressed as 

Results 
The results are presented in the form of temperature dis- 

tribution, flow recirculation patterns, chemical reaction rates, 
and simulated turbulent salt-particle trajectories. All the cal- 
culations are based on a 2-D axisymmetric coordinate system 
and all the figures were mirror-imaged at the axisymmetric 
centerline. In addition, an arbitrary L/D ratio was used to 
show the results more clearly and to protect MODAR confi- 
dential information on the reactor geometry and nozzle con- 
figuration. 

Adiabatic reaction temperature 
Figure 8 shows the results of our calculation of adiabatic 

reaction temperature as a function of both the core-stream 
water flow rate and three sets of nozzle exit temperatures. 
An IPA flow rate of 0.125 kg/min was used for all calcula- 
tions. MODAR measured a core water flow rate of 1.18 
kg/min. The calculation results in an adiabatic reaction tem- 
perature of 550-575°C as opposed to temperatures of ap- 
proximate 605°C measured in the MODAR test run. 

The inlet boundary conditions were adjusted to obtain cal- 
culated temperatures in the range of the MODAR tempera- 
ture measurements. The main parameter that controls the 
reactor temperatures is the fuel/water ratio. MODAR's test 
run obtained was not intended for comparison with CFD val- 
idation. For instance, the inlet core temperature through the 
axial nozzle may be higher than MODAR's measured tem- 
perature upstream of the nozzle. The nozzle is inserted into 
the flow domain, resulting in heat transfer through the nozzle 
wall. Therefore, the inlet temperatures of both streams were 
increased to include the effect of regenerative heating in the 
inlet nozzle and piping. 
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Figure 8. Calculated adiabatic reaction temperatures for 
125 g/min IPA in core flow and 1,305 g/min 
water in annulus flow. 

Using a core inlet temperature of 3WC,  an annulus inlet 
temperature of 620"C, and a core water flow rate of 1.080 
kg/min, an adiabatic reaction temperature of 609°C was pre- 
dicted. The results of our analysis showed a peak reaction 
temperature in the reactor near 605°C and an exit tempera- 
ture of 602°C. 

Note that the adiabatic reaction temperature calculations 
depend on only the mass flows of chemical species and inlet 
temperatures, and the specific heats and heats of formation. 
Chemical kinetics affect the distribution of species and stabil- 
ity of reaction as discussed in a later subsection. 

Fluid-temperature comparison 
Using the previous adiabatic-reaction temperature calcula- 

tions, we selected inlet temperatures of 600°C and 30°C for 
the core and annulus flows, respectively, to best match the 
measured temperatures. 

Due to the complexity of the reactor geometry and limited 
instrumentation in the high-pressure system, MODARs mea- 
sured fluid temperatures are confined to temperatures near 
the wall. Figure 9 shows the predicted fluid-temperature dis- 
tribution along the reactor vessel wall and MODAR's mea- 
sured fluid temperatures at those locations. In this figure, the 
wall-boundary temperatures are also shown. As noted, the 
fluid temperatures are uniform in the upper half of the reac- 
tor outside of the reaction zone at a value of 605°C. The 
temperatures decrease relatively linearly as the brine pool is 
approached. The temperature gradient is steep near the tip 
of the standpipe where the temperatures are near the critical 
point. 

As shown in Figure 9, good agreement is seen in the region 
of the insulated upper region; this is partially due to the fact 
that the core water flow and inlet temperatures were ad- 
justed to match the calculated fluid temperatures with mea- 
sured temperatures. In the lower uninsulated section where 
the conical region is located, the agreement is not as good. It 
appears as though the wall temperatures in the lower region 
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are lower than the boundary conditions used in this study. 
Temperature comparisons in the lower section can be im- 
proved by adjusting the boundary conditions and/or model- 
ing the conduction in the relatively thick vessel wall. 

Recirculation Jlow pattern 
The feed fluids are introduced vertically downward into the 

reactor and the reaction products, CO, and water, exit at the 
upper portion of the reactor. This flow configuration gives 
the recirculation flow pattern shown in Figure 10. This figure 
shows the large recirculation pattern caused by jet entrain- 
ment from the fluid exiting the nozzle and the reaction prod- 
ucts exiting at the top portion of the reactor. The feed fluids 
are oxidized downstream of the nozzle when the exothermic 
heat is released by the chemical reaction initiated by the pre- 
heated air in the flow domain. The reaction products do not 
penetrate toward the bottom portion of the reactor because 
of buoyancy effects; the density of the reaction products is 
much less than the cold water injected at the bottom to main- 
tain the brine pool. The recirculation flow pattern is impor- 
tant to the reactor performance. This flow has added heat 
from the reaction, and its entrainment serves to preheat the 

Figure 10. Predicted stream functions for MODAR run 
920. 

incoming feeds. The volume occupied by the recirculation 
causes a significant reduction in the minimum flow residence 
time. Also, this recirculation flow entrains small salt particles 
and directs them toward the nozzle tip where they can de- 
posit due to low temperatures on the nozzle tip; this was noted 
by MODAR during their tests. 

Efect of chemical kinetic rates 
As described in the preceding section, four different chem- 

ical kinetic rates were investigated to determine the effect of 
Arrhenius rate constants on the sustainability of the chemical 
reaction. As previously discussed, the chemical kinetics does 
not affect the final reaction temperature as represented by 
the adiabatic reaction temperatures. If essentially all of the 
fuel is combusted, the reaction temperatures are determined 
by the energy input into the reactor and the effective heat 
capacities of the fluids. However, the rate equation does have 
a direct effect on the reaction distribution and, as such, has a 
major effect on whether a combination of flows with a given 
reaction temperature will sustain a stable reaction to achieve 
desirable destruction efficiencies. 

Figure 11 shows comparison of calculated IPA reaction and 
mass fractions for cases 1-4. For each figure, the bottom-half 
side is mass fractions and the top-half side is IPA reaction 
rates. Mass fractions are shown in the range from lo-, to 
lo-''. The inlet mass fraction of IPA in the core nozzle is 
0.1037. IPA reaction rates are shown in the peak range of 
- 4.2 kg/m3. s to zero outside of the reaction zone. As shown 
in Figure 11, the reaction zone where the chemical reaction 
occurs is smaller for the high reaction rate (case 2) than those 
for the low rate (case 3). On the other hand, the chemical 
reaction is delayed for the low rate and spread over a wider 
domain. The mass fraction is also spread out for the low rate 
as a result of the delayed chemical reaction. For the steep- 
slope case (case 4), the reaction rate was low at the low tem- 
perature, which is near the nozzle. Once the temperature 
reaches the operation temperature of 60O0C, the reaction rate 
and mass fraction of IPA are nearly the same as the base 
case (case 1). These results indicate that the reaction flame 
size and mass fraction distribution depend on the reaction 
rate. However, IPA oxidation is achieved with more than 
99.9% efficiency in the MODAR pilot-scale reactor for all 
reaction rates. This implies that the MODAR vessel-reactor 
performance is not sensitive to the specific chemical kinetic 
rate for a wide range of reaction parameters. This is believed 
to be due to the unique backmixing characteristics provided 
by the vessel-type reactor where the recirculation flow pat- 
tern makes the reaction-zone chemical kinetically controlled 
in the mixing zone and largely transport controlled outside 
the mixing zone as described in the following section. 

Chemical kinetics/diJkswn limited 
Calculations were made to determine whether the reaction 

was either diffusion limited or kinetics limited in the reactor 
flow domain. For the diffusion-limited model, turbulence lev- 
els are used to calculate the reaction rate using the Mag- 
nussen and Hjertager method described in a preceding sec- 
tion. An Arrhenius expression is used for the kinetics-limited 
model. Then the values calculated from the diffusion-limited 
model and the kinetics-limited model are compared in each 
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Figure 11. Comparison of IPA reaction rates and mass 
fractions for Cases 1-4. 

computational cell, and the smaller values of the reaction rate 
are taken. Figure 12 shows that the mixing zone downstream 
of the nozzle where the fluids are mixed and reacted is chem- 
ical-kinetics limited. Outside of this mixing zone the reaction 
is diffusion limited. Even though the kinetics is important in 
the mixing zone, the chemical reaction is initiated by the dif- 
fusion induced by flow mixing between the recirculation flow 
and the cold-inlet flow. 

Particle trajectories 
The solubility of most salts in supercritical water is very 

low at reaction conditions. They precipitate out in the high- 
temperature oxidation zone, and since they are typically 
sticky, they may adhere to the reactor wall upon contact. The 
crystallization process of salt-particle formation is not well 
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Figure 12. Boundary of kinetics/diffusion limits. 

known, but an estimate of the locations of salt-particle for- 
mation can be made. The MODAR coaxial nozzle was de- 
signed to minimize salt deposits on the wall; however, small 
salt particles are found to be deposited along the wall. Tra- 
jectories were calculated for two different sizes, 20 and 500 
p m  assuming a 50% void NaCl particle. The injection point 
was selected in a region where the fluid temperature is be- 
tween 377-427"C, near the mixing zone between the core and 
annulus flows. 

The flow in most of the vessel has a turbulent fluctuating 
velocity on the same order as the mean velocity, that is, the 
value of u'/U is of the order of unity. These particle trajecto- 
ries were calculated from momentum, and energy balances 
superimposed on CFD calculated flow fields including the 
turbulence effect. As shown in Figure 13, there is a signifi- 
cant dispersion of particles. The small particles tend to be 
transported to the entire upper region of the reactor, while 
the larger ones fall to the bottom. 

The results of the turbulent-flow particle-trajectory calcu- 
lations are statistical in nature; plotting individual trajecto- 
ries is not very helpful in analyzing the effect of different 
particle sizes and release points. To study the effect of parti- 
cle size and release point on the turbulent trajectories, many 
trajectories have to be run and the particle impact points 
summarized. To do this, the reactor boundaries have been 
subdivided into several regions to receive and tabulate parti- 
cle impacts. Figure 14 and Table 1 show the detailed dis- 
cretization of the reactor walls and results for six particle 
sizes, respectively. Regions selected include the upper reac- 
tor region, the top head region, the upper, middle, and lower 

20 p Particles 

Figure 13. Typical trajectories of three 20- p and three 
500-p particles with the effects of turbu- 
lence included. 
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Table 1. Wall Impact Summary for 5-1,OOO- p 50% Void Salt Particles* 

5 p 5 p 20 p 20 p 100 p loop  200 p 200p  500p 500 p 1,Ooo p 1,Ooo p 
r/Dnozzle VDnozzIe r/Dnozzle r/’nozzle r/Dnozzle r/’nozzle r/Dnozzle r/Dnozzle r/Dnozzie rY”nozzle VDnozzIe r/Dnozz,e 

= 0 = 0.3 = 0 = 0.3 = 0 = 0.3 = 0 = 0.3 = 0 = 0.3 = 0 = 0.3 
W2-Outlet 3 13 5 4 0 0 0 0 0 0 0 0 
W3-Top 1/3 38 34 35 36 13 23 1 3 0 0 0 0 
W4-Mid 1/3 56 48 57 53 61 47 28 31 0 0 0 0 
WS-Bot 1/3 3 4 2 3 0 1 1 4 0 0 0 0 
W6-Cone 0 0 0 1 24 26 59 49 51 54 7 22 
W7-Brine cylinder 0 0 0 0 2 2 10 7 44 42 80 68 
W8-Standpipe 0 0 0 0 0 0 0 1 2 1 6 7 
14-Brine outlet 0 0 0 0 0 0 0 1 3 1 7 3 
15-Brine inlet 0 0 0 0 0 1 1 3 0 1 0 0 
Aborted 0 0 1 3 0 0 2 1 0 1 0 0 

*Each column represents a total of 100 injections. 

thirds of the cylindrical section, the conical section, the cylin- 
drical brine pool, and the standpipe. 

Table 1 shows the results as a summary of the number of 
impacts (there were 100 total for each case run) for six parti- 
cle sizes and two injection points. The table shows several 
important characteristics of the salt-particle transport. The 
results confirm expectations that the smaller particles are 
more likely to find their way to upper regions of the reactor 
than the larger particles. Particles less than 20 p m  do not 
reach locations below about midpoint of the reactor, while 
particles greater than 500 p m  do not impact higher than the 
conical section. Middle-size particles can impact the middle 
sections of the reactor. Only particles 20 pm, or smaller, 
reached the top head and inlet nozzle structure. 

Conclusions 
The current SCWO vessel reactor CFD model has evolved 

considerably from that used in the bench-scale study of Oh 
(1996). Areas of significant improvement include better fluid 
thermal and transport properties, a better water-specific heat 
approximation, addition of heat transfer to the surroundings, 
and inclusion of the effect of the vessel-reactor brine pool 
and brine takeoff. The calculations of adiabatic reaction tem- 
peratures have proven to be invaluable in establishing the 
sensitivities of changes in inlet conditions temperatures on 
reactor temperature before a full simulation is made. 

15 
Water In I 

w 3  w4 w5 
Top 113 Mid 113 Bot 113 

-1 v 

outlet 

i 

14 ./ WB 
Brine Out standpipe 

Figure 14. Salt-particle impact zones to study the effect 
of turbulent flow on particle transport. 
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The predicted temperatures of the near-wall fluid (these 
are the only measurements available for comparison) com- 
pare reasonably well with the limited data taken in this re- 
gion. The temperature at the conical section can be improved 
by placing boundary conditions at those locations. Since ex- 
perimental wall temperatures were not available, liner tem- 
perature gradients were used in this study, and they proved 
to be higher than what they should be. 

The sensitivity study of the chemical kinetics indicates that 
the overall reactor performance is not sensitive to the kinet- 
ics, mainly because of the unique backmixing characteristics 
of the MODAR vessel reactor. For the low kinetic rates, the 
chemical reaction is delayed in the downward mixing zone 
while achieving the same destruction efficiencies as higher 
rates. This cannot be achieved in other types of SCWO reac- 
tors such as a tubular reactor. Since the vessel reactor has a 
fairly large radial cross-sectional area compared to a tubular- 
or pipe-type reactor, the limiting reaction rate is important. 
This study indicates that the mixing zone is kinetics-limited, 
while outside of the mixing zone the reaction is diffusion- 
limited. 

The salt-particle trajectories can provide an important in- 
sight to the reactor concept in terms of a better nozzle and 
reactor design and optimization. Even though MODAR does 
not have detailed salt deposit data at the level of the detailed 
discretization implemented in our model, the prediction 
agrees qualitatively well with MODAR’s findings and experi- 
ence. MODAR has observed salt deposition in the upper re- 
actor walls and the nozzle tip. Our calculations show that this 
is due to the entrainment of the smaller particles in the recir- 
culating effluent. The larger particles are much easier to re- 
move, since they tend to be transported into the cold brine 

In summary, this improved CFD model shows great promise 
in calculating the detailed thermal hydraulics and chemical- 
component distribution in the vessel reactor. We need to ob- 
tain more thermal data in the core region of the reactor to 
better validate the model for use in scale-up calculations and 
design optimization. 

pool. 
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Notation 
C = molar concentration of each reactant species, kmol/m3 
cp  = heat capacity in Eqs. 20 and 23, J/kg. K 
j ‘ =  chemical species 
R =  real gas constant in Eq. 14, J/mol+K 

U = mean velocity, m/s 
u‘= turbulent fluctuating velocity, m/s 
u ,  = axial velocity, m/s 
u2 = radial velocity, m/s 
V= volume in Eq. 14, m3 

t =  time, s 

Subscripts 
annulus = outer annulus of the nozzle 

core = inner annulus of the nozzle 

Operators 
d/dt= partial derivative with respect to time 

d/dx, = spatial derivative in the ith coordinate 
D/Dt = substantial time derivative 

Miscellaneous 
min(p,q)= the lesser of the arguments p and q 
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