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ABSTRACT

A 25.4-mm diameter hydrocyclone with an underflow receiver was evaluated for
its ability to achieve separation of fine particles from water at elevated temperatures
and pressures relevant to supercritical oxidation. Temperature was varied from 25°C
to 340°C, while pressure was maintained at 27.6 MPa. The particles studied were a-
alumina. Particle-removal efficiency was affected by the separation capabilities of the
hydrocyclone, deposition on the heater surface, and flocculation of the particles. Par-
ticle-size distributions and suspended solids analyses confirmed that cyclone, separa-
tion efficiency was controlled by the (densityparticie - deNSitywaer)/ ViSCOSItY yater Fatio.
Because this ratio is sensitive to temperature, especialy in the neighborhood of the
supercritical point, separation efficiencies sharply increased with temperature. Con-
trary to traditional air cyclone theory, removal efficiency was inversely correlated to
flow rate. Thisresult was caused by particle deposition and particle flocculation in the
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3060 LASPIDOU ET AL.

heater. Low flow rates increased heater detention times and, thus, opportunities for
flocculation and particle deposition. Therefore, the performance of a hydrocyclone
used in conjunction with supercritical oxidation depends on phenomena occurring in
the heater and the hydrocyclone.

INTRODUCTION

Supercritical water oxidation (SCWO), a process that involves oxidation of
organics above the critical temperature (374.2°C) and pressure (22.1 MPa) of
water, is arelatively new treatment technology for the destruction of organic
compounds in wastewaters and sludges. Above the critical point, water exists
as asupercritical fluid, exhibiting several unique properties, such asrapid re-
ductionsin its density and viscosity (6). Inorganic particles and salts may be
produced when wastes are treated hydrothermally (11); such particles consist
of hard, dense metal oxides than can have destructive effects to downstream
equipment. They can be abrasive to pressure regulators, thermocouples, and
pressure transducers, and can cause erosion of tubing walls and scaling of heat
exchangers, thus making their removal from the SCWO effluent essential.

We studied the performance of a hydrocyclone particle-separation system
for conditions relevant to a supercritical water oxidation process. The hydro-
cycloneis ahigh efficiency separation device that can work effectively in the
high temperatures and pressures required by the supercritical water environ-
ment. It is economical and, having no moving parts, requires little mainte-
nance. Inits simplest form, acyclone consists of acylindrical shell fitted with
atangential inlet (feed port), an axial exit pipe (overflow port) for the cleaned
effluent, and a conical base with solids discharge through the underflow port.

Cyclone performance in high temperature and pressure environments has
been studied before (15), and the separation of particlesfrom supercritical wa-
ter oxidation effluents was studied by Dell’Orco (2). Our objective was to
study the performance of a hydrocyclone particle separation system when
used in conjunction with a heater in a supercritical water oxidation process.
We assessed the effects of the heater on the particle removal capability of the
hydrocyclone for a range of temperatures and flow rates. We also obtained
particle size distributionsto study the effect of particle size on removal for dif-
ferent experimental conditions.

BACKGROUND

A cyclone is a settling chamber in which gravitational acceleration is re-
placed by centrifugal acceleration (13). Inertiacausesthe particlesto moveto-
ward the outside cylinder wall, wherethey are carried down with thefluid. Ac-
cording to Stairmand (16), the centrifugal and inward viscous forces just
balance for a particle of a given density when the particle hasits critical size;
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HEATER EFFECTS ON CYCLONE PERFORMANCE 3061

then, the particle moves neither outward to the walls nor inward to the cyclone
axis. All particles larger than this critical size (also referred to as the “cut” of
the cyclone under the given conditions) should be collected, and all smaller
particles should escape. In practice, however, a considerable number of parti-
cles smaller than the “cut” are separated with the coarser particles, possibly
due to agglomeration and sweeping of smaller particles by larger ones. Also,
some particles coarser than the “cut” are carried into the inner vortex by ed-
dies or by bouncing off the walls, and they escape with the smaller particles
through the overflow port.

An efficiency expression that does not involve the underflow stream and is
based on the feed and overflow stream concentrations (co and ¢, respectively)
istermed collection or removal efficiency, ), and is defined as

M = (Co — C)/co (1)

The relationship between collection efficiency and particle size for a given
particle type and a given collector is called the “grade efficiency” or “frac-
tional efficiency” (14), which normally isexpressed in graphical form by plot-
ting removal efficiency against log d,, where d, is the particle diameter. In
practice, the grade efficiency curve usually hasan“S’ shape, or agradual rise
at the cyclone “cut” that asymptotically approaches a maximum value (ex-
pected to be 1).

The models that have been developed to predict efficiency for hydrocy-
clones use operating parameters of the system to predict performance, and
many of them account for the influence of particle diameter and density, as
well as fluid velocity and viscosity. Leith and Licht (14) developed a model
that providesinsight into what drives the particle separation in acyclone. The
expression for grade efficiency for agiven particle size (i.e., ng) is

ng = 1 — exp[—2(CW)"e"2] )

Theterm Cisadimensionless geometry parameter (not presented herein) that
Isaconstant for any cyclone design, with each cyclone having a unique value
of C. The particle and fluid properties are grouped in ¥, a modified inertia
parameter:

(pp — po)dpui(n + 1)
" 18,D (3)

'\.If:

where p, and p; are the densities of particle and fluid, respectively, v; isthein-
let fluid velocity, w isthe fluid viscosity, D isthe cyclone body diameter, and
n is the vortex exponent, which is defined below. According to Egs. (2) and
(3), separation efficiency for agiven flow rate and a given particle size is ex-
pected to increase as the ratio (p, — pr)/p increases. Other modelsin the lit-
erature (2, 3) also agree on the significance of thisratio on cyclone efficiency.
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Since the density and viscosity of water decrease dramatically as water enters
the supercritical phase, the numerator of the ratio increases and the denomi-
nator decreases, making the ratio and, consequently, the separation efficiency
increase sharply with increasing temperature. Figure 1 shows that ratio as a
function of temperature near the critical point of water at 27.6 MPa, which is
the pressure for al experiments of thisresearch. Efficiency isalso expected to
increase as the flow rate increases because of the term v; in the numerator of
Eq. (3). The vortex exponent n, defined as

n=1-[(1 - 0.67D%)(T/283)*7 (4)

aso is temperature-dependent. However, the temperature effects of n on ng
are minor when compared to the effect of theratio (p, — ps)/p..

Previous researchers who used our pilot plant (2, 11) suggested that a sig-
nificant percentage of the feed particles were trapped by deposition in the
heater. The phenomenon of particle deposition, or fouling, on heater surfaces
isdescribed intheliterature (4, 5), and we decided to investigate it theoretically
and experimentally. In theory, the spatial distribution of free charges sur-
rounding acharged particleisusually idealized as an electric double layer, with
onelayer viewed as afixed charge attached to the particle while the other is dif-
fusely distributed in theliquid in contact (Gouy—Chapman diffuse model) (18).
Gasparini et a. (8-10) invoked electrical double-layer effects to explain sev-
eral observations of metal oxides (like alumina) depositing on negatively
charged steel surfaces (likethe SCWO unit heater). The negatively charged ox-
ides appear positive due to the fixed layer of positive charge attached on the
particle and are attracted by the negatively charged stedl surfaces.

5.00E+07

4.50E+07 |

4.00E+07 .

3.50E+07 |
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2.50E+07 |

(pparticle'pwater)/“'water in kgl(Pa S m3)
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200 220 240 260 280 300 320 340 360
Temperature (deg. C)

FIG. 1 Ratio of (pp — pr)/p for water as a function of temperature near the critical point at
27.6 MPa.
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EXPERIMENTAL METHODS

Experimental Apparatus

We performed pilot-scale experiments to evaluate the particle-separation
capabilities of a hydrocyclone coupled to a heating system. A 150-kg/h pilot
plant with a specially designed heater/hydrocyclone apparatus was used. The
main components of the particle-separation system were the feed-distribution
system, the heating system, and the hydrocyclone.

Part of the feed-distribution system was a 965-L tank used asthe feed reser-
voir. Distilled deionized water was fed directly into the tank. A mechanical
mixer mounted on the lid of the tank, along with a grinder pump, ensured ad-
eguate mixing of the feed solution. A centrifugal pump provided the necessary
inlet net positive suction head for the diaphragm feed pump, which controlled
the flow rate in the system. A series of valves and flowmeters ensured the
smooth operation of the feed distribution system.

The heating system included two 6.6-m long heat exchangersthat were used
to preheat the feed stream by using the heat recovered from the effluent
stream. The feed solution was heated to the desired temperature, while the
feed temperature was controlled at the heater outlet using athermocouple that
was connected to a Fisher Porter Process Control System. To ensure minimal
heat loss, al the heating equipment and the tubing were heavily insulated with
thick layers of Kaowool ceramic fiber insulation.

The hydrocyclone comprised a 25.4-mm diameter cyclone and an underflow
receiver. The hydrocyclone, designed in accordance with the work of Haas et
a. (12), isshownin Fig. 2. The underflow receiver was a2.2-m long vessel (1
galon capacity) connected to the underflow port of the cyclone. To achieve
temperature uniformity of the underflow port so that particle reentrainment in
the cyclone did not occur, two ceramic tubular heaters were used. Figure 3
shows how the cyclone apparatus was integrated with the heating system. The
dashed line shown in Fig. 3was used for Exp. T13, when the hydrocyclone was
bypassed, and heater effluent was sampled at the overflow sampling point.

Experimental Procedures

Initially, water was fed to the pilot unit until the desired temperature and
pressure conditions were established. This process took anywhere from 1 to
approximately 5 hours, depending on the desired temperature. Once the de-
sired conditions were established, the feed stream was changed to the particles
suspension. At this point the feed pump was adjusted to the desired flow rate,
and, once that flow rate was established, approximately 20 minutes were al-
lowed for the system to achieve temperature equilibrium.

During one day’s run, temperature and pressure were kept constant, while
the flow rate was varied three times. Three replicate samples were taken at
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7.49 mm

145.80 mm

635 mm —»| |

FIG. 2 Hydrocycloneinternal dimensions.

each set of conditions, and these samples were taken at approximately 10-
minuteintervals. After all samplesfor one flow rate were taken, the pump was
adjusted to the new flow rate, and the replicate samples were taken for the new
flow rate. After each day’ s experiment the system was rinsed with water until
the effluent was clear. When the system had cooled down to approximately
room temperature, the underflow pot was emptied and rinsed until the ap-
pearance of the effluent was clear. The underflow pot’ s contents and rinsewa-
ter were collected, and samples were taken.

Experimental Conditions

The particulate matter that was used to study the separation capabilities of
the hydrocyclone was monocrystalline a-alumina powder (Electronic Grade
Precision Alumina, Grain Code 7921, Norton Company) with amean massdi-
ameter of 3.60 wm, according to the manufacturer. The effects of severa in-
dependent variables on particle removal were investigated. The variables un-
der direct control were temperature and flow rate. Four temperature-variation
experiments were performed with temperatures ranging between 25 and
340°C and with the feed concentration constant at 500 mg/L (25°C, Exp. T11;
150°C, Exp. T6; 260°C, Exp. T7; and 340°C, Exp. T9). For each temperature,
three flow rates (0.0126, 0.0202, and 0.0296 L /s) were investigated. For all
experimentsthe pressure was held constant at 27.6 MPa. Threereplicateswere
obtained at each set of conditions.
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To investigate experimentally the particle removal due to heater fouling
rather than due to the hydrocyclone, an additional experiment was run at
260°C (feed concentration = 500 mg/L) for the three flow rates with the hy-

drocyclone excluded from the system (Exp. T13).

Two types of analyses were performed: particle-size distributions and total
suspended solids. Suspended solids were measured according to Method

®

Experimental Analysis

SCWO Heater

3065

From Feed
Distribution
System

Hez'li Exchangcrs

Influent Sampling Point

TC: thermocouple

Chilled *
Water

m Overflow
aia Samplin
o T
Pressure om
Control Valve

FIG.3 Schematic of the heating system connected to the hydrocyclone apparatus.
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2540D of Standard Methods for the Examination of Water and Wastewater
(17). Total suspended solids were analyzed for all samples. Thethreereplicate
samples obtained for each condition were averaged, and the standard devia-
tion was computed. For each condition the one replicate that was closest to the
average was chosen for particle-size analysis.

Particle-size distributions were measured with an electronic particle
counter (Coulter Multisizer, Coulter Electronics, Hialeah, FL) that uses the
principle of electrical resistivity and responds to particle volume. Each sam-
ple was analyzed with two different aperture sizes (30 and 100 pm). A stan-
dard setting on the particle counter was used throughout this research, so that
each channel represented a logarithmic increment of particle diameter of
0.012 (i.e., Alog d, = 0.012 for all channels). Each aperture measures particle
sizes that range from approximately 3 to 20% of the aperture diameter, which
meansthat asignificant amount of overlap existsin the particle sizesmeasured
by the two apertures. This overlap was used to verify data quality; similar
number concentrations should be obtained for a given particle size regardiess
of the aperture used for analysis. In the data reported, the 30-pm aperture was
used for particlesinthe 1.0to 2.8 umrange (0.0 < log d, < 0.45), and the 100
wm aperture was used for the 2.8 to 12 um range (0.45 < log d, < 1.1).
Counts above a log d,, of 1.2 were considered suspect due to low particle
counts. Good agreement between both apertures was achieved for most sam-
ples run by the Coulter Counter; such agreement is an indicator of good qual-
ity measurements.

RESULTS AND DISCUSSION

Total Suspended Solids Data

M ass balances, based on total suspended solids data, were completed for al
experimental runs. These mass balances were taken around the heater/ hydro-
cyclone system. The concentrations of the feed, overflow, and underflow (C;,
C..i, and C,, respectively) were obtained from the suspended-solids analyses.
Three overflow concentrations corresponded to each experimental run—one
for every flow rate. The volumes V;, V,;, and V, were obtained from the
flowmeter recording of the cumulative mass of alumina suspension fed to the
system. Then, the percentage of solids recovered was computed by

3
Z (Co,ivo,i) + CuVu

0 i _ total massof solidsout _ i=1
¥ Solids recovered total mass of solidsin (GAV/ ()

For Run T13, C,V, = 0, since the hydrocyclone was excluded. The percent-
ages of solidsrecovered for al the experiments, shown in Table 1, are closeto
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TABLE 1
Mass Balances for Heater—Hydrocyclone Experiments (all
experiments at aninitial feed concentration of 500 mg/L)

Experiment Temperature (°C) Solids recovered (%)
T11 25 98.41
T6 150 79.67
T7 260 80.91
T10 260 80.07
T132 260 79.30
T9 340 81.07

@Hydrocyclone not included in the apparatus.

80%, except for the room temperature Exp. T11, for which solids recovery is
almost 100%. These results confirmed what other researchers (2, 11) had pre-
viously reported, i.e., a significant mass of particles (approximately 20% of
the feed on aweight basis) deposits on the heater surface and, therefore, never
reaches the hydrocyclone influent or the underflow pot.

System removal efficiencies (n, Eq. 1) were calculated for al experimental
conditions, and the effects of temperature and flow rate are shown in Fig. 4.
At each temperature the system’ s removal efficiency declined with increasing
flow rate, but increased dramatically with increasing temperature. Tempera-
ture effects agree with hydrocyclone theory, but flow rate effects are counter.

0.010 0.015 0.020 0.025 0.030 0.035 0.040

Flowrate (L/s)

FIG. 4 Removal efficiency for the system as a function of flow rate and temperature (al
experiments at an initial feed concentration of 500 mg/L).
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Particle-Size Data
Heater Effects

Toinvestigate the effect of flow rate on particle removal in the heater alone,
we analyzed particle-size distributions on the overflow samples of Exp. T13
(hydrocyclone excluded) at three different flow rates. The results, shown in
Fig. 5, demonstrate that small particles were lost in the heater. The ordinate
values represent the number concentration of particles within an incremental
sizerange, normalized by that incremental size range. Each number increment
is plotted versus the log of particle diameter (d, in wm) using the value of the
midpoint of the incremental log size range. The removal or gain of a particle
of agiven sizeis shown by avertical difference from the feed. Differencesin
slopes among different samples indicate the selective removal or creation of
particles over different size ranges.

Theloss of small particles occurred in all runs, but was greatest at the slow-
est flow rate, since the distribution that correspondsto the slowest flow rateis
positioned lower than all other distributionsfor log d, = 0.8. The particle-size
distributions also document that flocculation of the alumina particles was tak-
ing place in the heater. Compared to the feed, the overflow had a higher con-
centration of the largest particles, log d, > 0.8.

Feed

0.0122 L/sec
0.0205 L/sec
0.0294 L/sec

oo +m

AN/Adp

3 A 1 : 1 . 1 " 1 " 1 . 1 i
-0.2 -0.0 0.2 0.4 0.6 0.8 1.0 1.2

log dp (dp in microns)

FIG.5 Particle size distributions of Exp. T13 (260°C, by passing the hydrocyclone).
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The loss of particle volume in the small sizes was not completely balanced
by the gain in the large sizes, as one would expect from flocculation aone. To
quantify this, we summed the vertical differences between the feed distribution
and two of the flow-rate distributions (0.0294 and 0.0122 L /s) over the whole
sizerange. Thefeed distribution was higher than the 0.0122 L /s distribution by
0.406 unitsfor 0 < log d, < 0.84 um, whilethelatter distribution ishigher than
the former by only 0.043 units for 0.84 < log d, < 1.068 um. Similarly, the
feed distribution is higher than the 0.0294 L /s distribution by 0.221 unitsfor O
<log d, < 0.77 um, while the latter distribution is higher than the former by
only 0.090 unitsfor 0.77 < log d, < 1.08 wm. Theseresultsagreewiththe TSS
mass balance (Table 1) and add further evidence of deposition on the walls.

According to Garrett-Price et al. (7), the loss of particles due to heater foul-
Ing increases as the flow rate decreases, since opportunities for deposition of
particles increase with increasing detention time. Additionally, the laminar
boundary layer adjacent to the walls should be thicker at the lower flow rate,
reducing the likelihood of scouring thewalls, leading to particle reentrainment.

The removal of fine particlesin the heater dramatically altered the particle-
size distribution of the hydrocyclone inflow stream, therefore altering the ob-
served removals of the hydrocyclone. According to cyclone theory, removal-
efficiency curves have an “S’ shape, showing that particles smaller than the
“cut” of the cyclone are not collected, while particles larger than the “cut” are
well collected. With the heater preferentially removing the smaller particles
that would otherwise not be collected by the cyclone, removal efficiencies
across the hydrocyclone appear enhanced, especially for lower flow rates,
when heater fouling is magnified. To differentiate the removal efficienciesin
the cyclone from the particle removal in the heater, we combined the results
from Exp. T7 (whole system) and Exp. T13 (heater alone). These experiments
were performed at the same temperature and pressure and with the same feed
concentration. Figure 6 presents the removal efficiency according to particle
size. Due to flocculation and preferential removal of fine particles in the
heater, the heater removal curveisthe highest for small log d,, values. The hy-
drocyclone-only removal curve has reduced removal efficienciesfor the small
particles, although the curve does not take the classic“ S’ shape. The removal
curve for the whole system is relatively constant, particularly for the small
particles. Thetotal-system removal declinesfor log d, > 0.8, even though the
removal efficiency by the hydrocycloneisat its highest. The creation of large
particles by flocculation in the heater means that the total-system removal is
less than the hydrocyclone removal for log d, > 0.9.

Effects of Flow Rate

The particle volume distributions of the feed, the overflow samples col-
lected at each flow rate, and the underflow samples for Exp. T6 (150°C) are
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FIG. 6 Grade-efficiency curves at 260°C and 0.0127 L /s for the whole system, the hydrocy-
clone, and the heater alone.

shownin Fig. 7. Here, the ordinate val ues represent volume concentrations in
alog size range, normalized by that log range, and particle removal is mani-
fested by area differences. Experiment T6 shows trends typical of the other
experiments.

For the feed sample, Part (A) of Fig. 7, aimost all of the particle volume was
contained in particleswith log d, between 0.0 and 1.0 (d,, between 1.0 and 10.0
pm). The same was true for the feed samples of all experiments, since the
same feed material was used in al experiments. Also, the peak in the volume
distribution between 0.6 = log d, = 0.8 (4.0 pum = d, = 6.3 wm) was com-
mon to all feed samples.

Volume distributions of the three overflow samples (one for each flow rate
tested) of Exp. T6 are shown in Part (B) of Fig. 7. The effects of flow rate on
removal efficiency can be seen from these distributions. Higher flow rates re-
sulted in distributionsthat peak at higher ordinate values and have higher con-
centrations throughout the entire size range. An increasing flow rate resulted
in lower removal efficiencies overall and a significant increase in particlesin
the range 0.4 < log d, < 0.9. The same effect of flow rate on removal effi-
ciency was observed in al experiments; that is, for all temperatures the high-
est particle removals were observed at the lowest flow rate and vice versa.

The volume distribution of the underflow sample is shown in Part (C) of
Fig. 7. The ordinate values of this distribution are much higher than those of
the feed because the volume concentration of the underflow was higher than
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HEATER EFFECTS ON CYCLONE PERFORMANCE 3071

that of the feed. The particle-size distribution of the underflow is shifted to
larger sizesin comparison to the distribution of the feed (Part A). Such a shift
iIsanindicator of the size effect on capture: larger particleswere removed pref-
erentially by the hydrocyclone.

The effects of flow rate on removal efficiency also can be seen in grade-
efficiency curves (i.e., the removal efficiency as a function of particle size).
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FIG. 7 Volumedistributions of Exp. T6 (150°C): (A) feed, (B) overflow, (C) underflow.
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Figure 8 shows the grade-efficiency curves for Exp. T6 (150°C). Increasing
flow rates (i.e., Parts A to B to C) move the curve downward, or to lower ef-
ficiencies, for particle sizes up to about log d, = 0.9.

According to traditional theories of cyclone performance, such as Eq. (2),
the separation efficiency should increase as flow rate increases. Thus, our re-
sults contradict traditional theory concerning the effect of flow rate. The poor
predictive power of the traditional models may occur in part because the mod-
els were developed primarily for air cyclones, not for high-temperature and
pressure hydrocyclones. Even more important is that the heater, by preferen-
tially removing smaller particles and by inducing flocculation, especially for
low flow rates, dramatically alters the particle-size distributions of the stream
influent to the hydrocyclone. The effects of the heater on the particle-size dis-
tribution should not be viewed as merely an artifact, since the heater isan in-
tegral part to any system in which the hydrocyclone is used in conjunction
with supercritical extraction. In other words, the effects of flow rate on re-
moval by the hydrocyclone in high-temperature environments, when a heater
has to be used, should not be expected to agree with theoretical models, since
removal of fine particles and flocculation in the heater occur, particularly at
low flow rates. Since the heater preferentially removes small particles, which
the cyclone is least able to remove, the effects of flow rate contradict hydro-
cyclone theory when the hydrocyclone is coupled to a heater.

In Part (A) of Fig. 8, we observe that, although the curve has the expected
“S’ shape, an unexpected drop in the efficiency is shown for log d, > 0.6 (d,,
> 4.0 wm). Such dropsin the efficiency were aso observed by Williamson et
al. (19), who attributed them to small errorsin size analysis that become mag-
nified in calculationsrelating to low particle numbersin particular size ranges.
That explanation might be acting in those experiments as well, but an alterna-
tive explanation is more important. The formation of new larger particles due
to flocculation in the heater resulted in an increased loading of larger particles
to the hydrocyclone, therefore lowering the removal efficiency of the system
for that size range. Flocculation was the greatest at the lowest flow rate, which
is consistent with the fact that such a drop in the efficiency curve is only ob-
served at the lowest flow rate (Part A of Fig. 8).

Effects of Temperature

For all flow rates, increasing temperatures resulted in higher separation ef-
ficiencies. Figure 9 illustrates this trend by comparing the grade-efficiency
curvesfor 25, 150, and 340°C. The curves clearly move upward to higher ef-
ficiencies astemperature increases. This observation agrees well with the sus-
pended solids data (Fig. 4) that showed a strong dependence on temperature,
with removals at low temperatures equal to almost zero, while removals at
high temperatures reach almost 100%.
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As shown in the Background section, separation efficiency should increase
with increasing temperature, since the ratio (p, — pr)/p increases with tem-
perature. Thus, the observed trend of hydrocyclone removal isin agreement
with the theory for temperature.

CONCLUSIONS

A 25.4-mm hydrocyclone was effective in removing a-alumina particles
from water at elevated temperatures and pressures. The removal efficiency of
the hydrocyclone was very sensitive to temperature. Removal efficiencies
based on total suspended solids data ranged from less than 20% at 25°C to
90-99% at 340°C. The temperature sensitivity is due mainly to the depen-
dence of the hydrocyclone separation efficiency on the ratio (p, — pr)/w.,
which dramatically increases with temperature, especially in the neighbor-
hood of the water’ s supercritical point.

Increased flow rate resulted in lower removal efficiencies, contrary to tra-
ditional air cyclone theory. The cause of this observed trend was particle floc-
culation and trapping in the heater preceding the hydrocyclone. Lower flow
rates resulted in higher detention times in the heater, increasing the opportu-
nities for particle flocculation and attachment on the heater surface. Sus-
pended solids measurements and particle-size distributions reveal ed that floc-
culation and particle trapping were indeed significant. When the hydrocyclone
was by-passed for the purpose of studying the heater effects on particle re-
moval, flocculation was clearly indicated by theloss of small particles and the
increase in large particles. In addition, about 20% removal was observed,
mainly from the smallest particle sizes. In summary, the performance of the
hydrocyclone system used as posttreatment for supercritical oxidation de-
pends on particle removal and flocculation that occur in the heater, aswell as
to separation in the hydrocyclone.
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