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The Use of Cavitating Jets
to Oxidize Organic Compounds
in Water
Exposure to ultrasonic acoustic waves can greatly enhance various chemical reac
Ultrasonic acoustic irradiation of organic compounds in aqueous solution results in
dation of these compounds. The mechanism producing this behavior is the inducem
the growth and collapse of cavitation bubbles driven by the high frequency aco
pressure fluctuations. Cavitation bubble collapse produces extremely high local pres
and temperatures. Such conditions are believed to produce hydroxyl radicals whic
strong oxidizing agents. We have applied hydrodynamic cavitation to contaminated
by the use of submerged cavitating liquid jets to trigger widespread cavitation and in
oxidation in the bulk solution. Experiments were conducted in recirculating flow lo
using a variety of cavitating jet configurations and operating conditions with dilute aq
ous solutions of p-nitrophenol (PNP) of known concentration. Temperature, pH, am
and jet pressures, and flow rates were controlled and systematically varied. Samp
the liquid were taken and the concentration of PNP measured with a spectrophotom
Experiments were conducted in parallel with an ultrasonic horn for comparison. S
merged cavitating liquid jets were found to generate a two order of magnitude increa
energy efficiency compared to the ultrasonic means.@S0098-2202~00!00303-5#
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Introduction
Ultrasonic cavitation is known~Brown and Goodman@1#! to

produce sonochemically activated reactions in water resultin
the formation of highly effective oxidizing hydroxyl radicals
Usually this is achieved using ultrasonic horns that send a h
intensity acoustic beam into the solution and excite microcavit
Such systems have been found to promote a wide range of ch
cal reactions~Suslick @2#! and to be capable of oxidizing dilut
aqueous mixtures of organic compounds. However, such dev
essentially self limit the efficiency of the process by achiev
cavitation only in a thin layer near the surface of the sonifer.
addition, the efficiency of the transfer of electric power into ultr
sonic waves into the liquid is known to be quite low—of the ord
of 15–20 percent.

We employ a mechanism for generating cavitation in a w
body of the liquid by an array of submerged cavitating jets. T
process can be made very efficient and benefits in addition f
the fact that pumps are quite efficient~of the order of 75 percent!
at converting electric~or other! power into hydraulic power. A
system based on this technology would be relatively inexpens
and could be designed into a low-energy technology that
perform at an optimum level creating fast degradation of to
substances without generating carcinogenic materials such a
occur with chlorination.

Dissociation of Water and Release of Oxidizing Radicals
Exposure to ultrasonic waves can drive many chemical re

tions through the generation, growth, and subsequent collaps
cavitation bubbles~e.g., Brown and Goodman@1#, Suslick@2#!. It
is universally accepted that this cavitation with its accompany
local high pressures and temperatures drives these reactions
than the acoustic waves themselves. The acoustic waves prov
means for transferring the energy of the acoustic driver to cav
tion nuclei whose subsequent behavior converts this energ
pressure, heat, erosion, chemical reaction, etc.
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When subjected to cavitation, water undergoes dissolution
cording to the following chemical reaction~e.g., Suslick@3#,
Neppiras@4#!

H2O→H•1OH•. (1)

The free hydroxyl radical OH• is one of the most powerfu
oxidizing agents and is an excellent initiator of chain reactio
Oxidation of organic compounds results in various intermedi
and end products depending on the compound. These include
ter vapor, carbon dioxide, inorganic ions and short chain inorga
acids~e.g., see Suslick@2#; Hua et al.@5#; Skov et al.@6#!. Often
the intermediate products also undergo subsequent oxida
Modeling of radical production due to cavitation bubble collap
has recently been performed by Gong and Hart@7#.

Under the oscillating pressure field of an ultrasonic horn or d
to large fluctuating pressure forces in the shear layer of a cav
ing and resonating jet, pre-existing microscopic bubble nucle
the liquid grow and collapse. There are several competing theo
for the predominant phenomena that triggers the anomalous ch
istry present during the bubble collapse. According to one,
generation of a ‘‘hot spot’’ upon bubble collapse~local high tem-
perature and pressure region! is responsible for the phenomen
~Neppiras@4#; Suslick et al.@8#; Suslick et al.@9#!. Others suggest
that the reactions are due to shock waves or electric discha
generated at the collapse and the fragmentation~Margulis @10#! or
to the plasma like state generated in the collapsing bubble~LeP-
oint and Mullie @11#!.

Recently, a number of researchers have looked into using u
sound to degrade organic contaminants. The list is too exten
to review here. However, a sample of relevant work includes t
of Hua et al.@5,12#, Kotronarou et al.@13,14#, Cheung et al.@15#,
and Hua and Hoffman@16#. Such work has been performed i
both batch and continuous flow modes using ultrasonic horns
plates. Also recently, a commercial scale process has been
ployed utilizing a venturi type cavitation flow loop often in com
bination with UV irradiation and hydrogen peroxide additio
~U.S. Environmental Protection Agency@17#; Skov et al.@6#!.

Cavitation Bubble Dynamics. In a pressure field, a bubble
works as an oscillator with the gaseous contents acting as a sp

n
nical
000 by ASME SEPTEMBER 2000, Vol. 122 Õ 465
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and the inertia being provided by the motion of the surround
liquid. Under external pressure forcing, the bubble undergoes
ume and shape oscillations. As the bubble compresses the in
pressure grows.

For a collapsing spherical cavity in a liquid of densityr under
external steady pressurePamb, and with gas inside the bubbl
having a specific heat ratiok, Neppiras@4# has shown that as th
bubble collapses, a very high pressure region is generated nea
bubble wall in the liquid with a maximum pressurePmax given by

pmax5pg0F Pamb~k21!

pg0
G k/~k21!

, (2)

wherepg0 is the initial gas pressure in the bubble. For a value
k54/3 he obtained the corresponding temperature

Tmax5T0S Pamb

3pg0
D . (3)

With Pamb51 atm, andpg050.01 atm,the maximum pressure
may be as high as 1.23104 atm, and the temperature could be a
high as 10,000°K (Young [18]). Thus extremely high values
temperature and pressure are generated in a small region
space where the bubble collapse occurs.Such physical conditions
could explain the enhancement by cavitation of the chemical
sociation of the aqueous medium releasing hydroxyl radicals.

However, cavitation bubbles rarely behave spherically. Ty
cally, due to initial or boundary condition asymmetries and
bubble interacting, the bubble, upon collapse, forms ahigh speed
reentering jet~Young @18#; Chahine and Duraiswami@19#!. Fig-
ure 1 presents a calculation we have performed for a bubble
lapsing near a solid wall and forming a high speed jet wh
impacts the wall. Visible in the figure are the very high pressu
in the liquid near the jet~Chahine and Duraiswami@19#!. Such
computations show the potential for extremely high pressures
only in the gas inside the bubble but also in a focused area of
liquid. In practice, bubbles often occur in ‘‘clouds’’ in whic
bubble/bubble interaction and bubble deformation effects oc
~Chahine@20#; Chahine and Duraiswami@21#!. In cavitating jets,
elongated, rotating, and ring shaped bubble cavities form wh
have also been found to collapse with the formation of reente
jets ~Chahine and Johnson@22#; Chahine and Genoux@23#!.

Cavitating Water Jets. Cavitating water jet technologyrep-
resents one successful attempt to harness and utilize the de
tive power of cavitation. Various means and nozzle designs ca
used to induce the explosive growth of microscopic cavities
bubbles within a liquid jet. Moving away from the orifice regio
these bubbles encounter higher pressures and collapse. Fo
ample, by inserting a solid surface in front of the nozzle at
appropriate distance, nozzle generated cavities can be induc
collapse violently on that surface in the high-pressure stagna
region of the jet so created~Johnson et al.@24#; Chahine and
Johnson@22#; Chahine et al.@25#!.

Fig. 1 Pressure field associated with nonspherical bubble col-
lapse. Taken from Chahine and Duraiswami †19‡
466 Õ Vol. 122, SEPTEMBER 2000
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Cavitating jets have the following advantages over ultraso
devices.

1 The cavitation can be made to be much more intense
aggressive.

2 The location of the cavitation ‘‘center’’ can be more eas
controlled, and multiple centers in a small volume can be ea
provided.

3 From a practical standpoint, a jet based process is simp
more flexible, easily scaled up and able to process larger indus
level quantities of liquid for a given power input.

4 As demonstrated in this paper, the jets are significantly m
efficient.

The dimensionless parameter characterizing cavitation is
cavitation number,s,

s5
Pamb2pv

1/2rV* 2
'

Pamb2pv

DP
, (4)

wherer is the liquid density,V* is the characteristic flow veloc
ity, andDP is the presence drop across the nozzle. The partic
value at which cavitation is incipients i is termed the cavitation
inception number. Thus if the operating conditions for a su
merged jet are such thats/s i,1, cavitation will occur, and as
s/s i continues to decrease below unity the amount of cavitat
will increase.

Experimental Setup
Experiments were conducted in several jet flow loops and in

ultrasonic system. Preliminary investigations were conducted
cavitation reaction chamber constructed of plexiglass to ena
viewing of the cavitation and flow. Due to the potential for ma
organic compounds to attack plexiglass this cell was not used
actual oxidation tests. Instead, jet cavitation reactors constru
of stainless steel were utilized.

One loop was driven by a triplex positive displacement pu
which produced a flow of 4.5 gpm at pressures up to 1000
The flow from the pump was sent to a multi-stage cavitation
action chamber. Each stage included a jet orifice plate with m
tiple orifices and a stagnation plate located downstream of
orifice plate and designed to stagnate the jet flows thereby ind
ing strong bubble collapse. A second was driven by a centrifu
pump capable of 56 gpm at up to 75 psi and is shown in the sk
of Fig. 2. The loop was fabricated of steel piping. Upon exiti
the pump, the liquid flowed into a pipe manifold into which
large number of orifices had been machined. The total fluid v
ume of this loop was 6.5 liters. Reservoir temperature was m
tained at the desired value by use of a cooling loop inside
reservoir and immersion of the reservoir in a large tank filled w
water and containing a refrigeration coil.

Ultrasonic Setup. A sketch of the ultrasonic device is pro
vided in Fig. 3. The device is driven by magnetostrictive oscil
tions produced in a nickel stack surrounded by electromagn

Fig. 2 Sketch of jet loop capable of 56 gpm at 60 psi
Transactions of the ASME
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coils. The oscillations are amplified by a tapered titanium h
tuned to resonate at 15.7 kHz. The waveform is produced b
frequency generator and amplified before being fed to the coil
3/8 in. diameter titanium ‘‘button’’ or ‘‘tip’’ was attached to the
end of the horn. The amplitude of oscillation of the tip was in
tially calibrated using a bifilar microscope. Its amplitude w
monitored during testing by a sensor whose voltage output is
portional to displacements. The tip displacement amplitude
set to 0.0026 in. peak to peak.

The horn tip was submerged 0.125 in. in a 150 ml glass bea
filled with 25 ml of test sample liquid. Initially, the submergen
was varied, and the value of 0.125 in. was selected becau
produced the greatest amount of cavitation. The top of the be
was covered with a plastic sheet through which the horn w
inserted. The sample beaker was surrounded with a cooling
to maintain a constant temperature.

Measurement Techniques and Procedures.Reagent grade
p-Nitrophenol—‘‘PNP’’—~Aldrich, 99 percent!, phosphoric acid
~Aldrich, 85 percent!, and sodium hydroxide~VWR Scientific, 1.0
N! were used. The PNP was in crystalline form and was mix
with distilled water.

PNP concentrations were measured using a UV-Vis spec
photometer following the procedures of Kotronarou et al.@13# and
Hua et al. @12#. The spectrophotometer was calibrated agai
known concentrations of PNP in distilled water at a wavelength
400 nm after shifting the sample pH to 11 by the addition
NaOH to enable measurement employing the absorption ban
400 nm.

During testing, 3 ml samples were drawn from the test res
voir. Following the addition of NaOH, the sample was draw
through a Gelman 0.2 micron PFTE syringe filter to remove a
particulate contaminants such as titanium erosion particles f
the ultrasonic tests. The filtered sample was then placed in
spectrophotometer and its transmittance measured.

Uncertainty Estimates. The estimated uncertainty in mea
sured quantities are: flow rate,65 percent; pressure,61 psi; con-
centration,60.2 ppm; pH,60.2; temperature,61°F. The oxida-
tion efficiency ~defined in Eq. ~5!! and the nondimensiona
concentration,C/C0 are derived quantities. Their estimated unc
tainties are: oxidation efficiency,610 percent;C/C0 , 64 percent.

Results and Discussion

Performance Evaluation: Oxidation Efficiency. A key
measure of the performance of the oxidation process is the en
required to remove a unit mass of a given compound. For ove
performance, this can be expressed as the cumulative ma
contaminant removed per unit energy expended. When plo
against time, this represents a running value of the efficiency.
define this to be theoxidation efficiencygiven by

m* ~ t !5
~C02C~ t !!* V

t* P . (5)

Fig. 3 Sketch of ultrasonic experimental setup
Journal of Fluids Engineering
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Here,C0 is the initial concentration,C(t) the concentration at time
t, V the liquid volume, andP the power expended. The peak valu
in the curve ofm* (t) can be used to characterize the peak pe
formance of each system.

The power used in this efficiency calculation is that which
imparted to the liquid. For the jet process, it is simply based o
the hydraulic power imparted by the pump. For the ultrason
horn, it is the acoustic energy dissipated in the liquid which wa
determined with a calorimetric test by measuring the heat gen
ated. This enables use of the ‘‘oxidation efficiency’’ as a measure
of the efficiency of the particular configuration for the cavitatio
phenomenon and removes variations in power consumption due
varying pump, motor, or horn configurations. The actual amou
of energy that must be supplied to a system employing either
ultrasonic or jet induced cavitation is therefore larger due to the
conversion inefficiencies. The ranges of the power input to t
liquid per unit volume~power density! we utilized are shown in
Table 1.

Ultrasonic Tests. Sample results of ultrasonic tests of the
oxidation of PNP are presented in Fig. 4. Figure 4 presents
measured concentrations as a function of time for several ca
run at a pH of 3.5 and initial concentrations of 8 and 25 ppm fo
comparison with the jet oxidation studies. We did not seek

Table 1 Comparison of power densities for PNP oxidation ex-
periments

watts/ml Type

Ultrasonic 0.36 Batch
Cavitating Jets 0.18-12 Continuous flow

Fig. 4 Ultrasonic sonication of PNP at pH Ä3.5. Top: concen-
tration versus time. Bottom: oxidation efficiency.
SEPTEMBER 2000, Vol. 122 Õ 467
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optimize the conditions for the ultrasonic horn since this has b
experimentally investigated for aqueous solutions of PNP by o
ers~Kotronarou et al.@13#, Hua et al.@5,12#!. We selected condi-
tions from the literature which were near optimal. These te
were run at 77°F and 107°F with the rate of oxidation lower
107°F than at 77°F—consistent with the general behavior
sonochemical reaction rates as described in Suslick@2#. Direct
comparison of these results with those in the literature can
done using oxidation rates normalized with applied power. N
malization of results with the applied power shows that our res
are comparable to those in the literature; e.g., the oxidation ra
Kotronarou et al.@13# is 0.89 mg/MJ. Calorimetric measuremen
showed that approximately 18 percent of the electric power in
to the horn was converted to acoustic power and dissipated as
in the liquid.

Cavitating Jet Results. Figure 5 presents sample results
the oxidation of PNP with submerged cavitating jets conducte
the flow loop of Fig. 2. The operating temperature was 107
which, as described below, was found to produce the best pe
mance. The pH was comparable to that of the ultrasonic test
Fig. 4, and the initial concentration, 8 ppm, was used in the m
jority of the cases in Fig. 4. We can compare the oxidation e
ciencies in Figs. 4 and 5 for achieving a given decrease in P
concentration. For example, a 50 percent reduction~from 8 ppm
to 4 ppm! is achieved by the jet system in 1.5 hrs. while t
ultrasonic horn requires approximately 30 hrs. The correspond
oxidation efficiency for the cavitating jets~3 mg/MJ! is about 25

Fig. 5 Cavitating jet oxidation of PNP: pH Ä3.8, TÄ107°F, am-
bient pressure Ä20 psia, pressure entering nozzles Ä75 psia,
flow rate Ä57 gpm, C0Ä8 ppm. Top: time variation of the ratio
of PNP concentration to its initial value. Bottom: oxidation effi-
ciency.
468 Õ Vol. 122, SEPTEMBER 2000
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times larger than that of the ultrasonic device~0.12 mg/MJ!.
While the investigations conducted have not as yet been of s
cient scope to state that either the jet or ultrasonic devices
operating at their optima, a range of parameters have been in
tigated in the current study for the jets and in the literature for
ultrasonic device. The conditions of Figs. 4 and 5 are near the
known for each device. If the differences in conversion efficien
of input power to power into the liquid~e.g., 18 percent for ultra-
sonic, approximately 75 percent for a motor/pump! were used, an
additional factor of 4 would need to be applied, and the cavitat
jet results would exhibit overall energy efficiencies 100 tim
higher than the ultrasonic device. This suggests strong promis
application of jet cavitation to oxidation.

Temperature Effect. The results of the experiments of je
oxidation of PNP indicated the existence of an optimal tempe
ture or temperature range for oxidation efficiency. Figure 6 sho
the influence of temperature on the oxidation efficiency at th
times during the oxidation process. Performance is seen to be
at the intermediate temperature range near 42°C~107°F!. Such
behavior is consistent with cavitation erosion intensity which
known to achieve a maximum value that is temperature and liq
dependent. For water at atmospheric pressure, this peak is a
proximately 50°C~122°F! ~Brown and Goodman@1#!. Above this
temperature the bubble dynamics becoming increasingly t
mally controlled rather than inertially controlled which leads to
increase in vapor pressure and cushioning of the bubble colla

Fig. 6 Influence of temperature on cavitation effects exhibit-
ing a region of maximum influence. „a… Jet oxidation efficiency
of PNP at 4, 5, and 6 hours of operation; pH Ä3.8, ambient
pressure Ä21 psia, pressure entering nozzles Ä70 psi. „b… Ero-
sion of aluminum as a function of temperature for various liq-
uids; taken from Brown and Goodman †1‡.
Transactions of the ASME
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pH Effect. The values of pH in the flow loops were adjuste
periodically to their set point values by the addition of phospho
acid or sodium hydroxide. The pH was typically maintaine
within 60.3. Figure 7 provides the results of operation at varyi
pH. The oxidation efficiencies are seen to strongly depend on
in a nonlinear fashion with little influence for pH above about
As the pH decreases below 4, the rate is found to increase,
tially at long times and then at shorter times for decreasing p
The data of Kotronarou et al.@13# with PNP using an ultrasonic
device showed similar behavior.

To assure that our increased efficiencies with decreased
was indeed due to the cavitation oxidation and not solely to pH
sample of the PNP solution was adjusted to a pH of 2.5 and lef
sit for 4 days. Measurement of the PNP concentration after 4 d
showed no change from the initial measurement.

Influence of Cavitation Number. The effects of cavitation
number were studied by changing the ambient pressure w
maintaining the pressure drop across the nozzle constant. Th
sults are presented in Fig. 8 for two values of the cavitation nu
ber. The lower cavitation number shows a significant increase
degradation rate which can be explained by the creation o
larger volume of cavitation created with lower power.

Ring Vortex Cavities. A simple analysis based on jet cavita
tion occurring in vortical structures is now presented. A cavitati
and structured jet can be considered as being formed of a suc
sion of vortex bubble rings of diameter equal to the orifice dia

Fig. 7 Influence of pH on jet oxidation efficiency of PNP:
TÄ107°F, ambient pressure Ä20 psia, pressure entering
nozzles Ä75 psia

Fig. 8 Influence of cavitation number, sigma, on jet oxidation
of PNP: pH Ä3.8, TÄ107°F
Journal of Fluids Engineering
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eter D0 . The cavitation intensity per unit time,I cav, can be ex-
pressed as the product of the number of cavitation events per
time, N, and the collapse energy of each cavitation event,Ebub,

I cav5NEbub. (6)

The cavity potential energyEbub can be expressed as the produ
of its maximum volume and the pressure difference between
surrounding liquid and the cavity contents which we will appro
mate as the ambient pressure,Pamb. For ring cavities, with a
maximum cross-section radiusRmax,

Ebub5p2D0Rmax
2 Pamb. (7)

For a ring emission frequency,f, for each ofn nozzles,I cav, is
given by

I cav5 f nEbub. (8)

Using the product of the pressure and flow for hydraulic pow
the energy conversion efficiency,h, can be taken as:

h5
f nEbub

1/2rVjet
2 Q

5e22p
SdPamb

rVjet
2

5e22pSds;e2, (9)

wheree and the jet Strouhal numberSd are defined as:

e5
2Rmax

D0

, Sd5
f D0

Vjet

>0.3. (10)

The volume fraction of liquid cavitated,a, is the ratio of the
volume of all ring cavities at their maximum size created durin
unit time,Vcav, and the flow rateQ:

a5
Vcav

Q
5

4pRmax
2 f

D0Vjet

5pSde2;e2. (11)

We see that the parametersa andh both increase strongly with
e. This is illustrated by the results of Kalumuck et al.@26#, which
showed, based on numerical simulations using a vortex ring ca
dynamics model~Chahine and Genoux@23#; Genoux and Chahine
@27#!, that e increases with lower ambient pressures thus incre
ing both the volume fraction of fluid cavitated and the efficien
of conversion of hydraulic energy to cavity collapse energy.

Conclusions
Experiments to establish the feasibility of utilizing cavitatin

jets for oxidation of organic compounds in dilute aqueous so
tions were carried out in recirculating flow loops. Baseline te
were conducted with an ultrasonic device for comparison. Res
were consistent with those of the literature. Cavitating jet oxid
tion of p-nitrophenol was found to exhibit a two order of magn
tude increase in energy efficiency compared to ultrasonic me
The data indicate an inverse relation of efficiency with cavitat
number which is consistent with the results of a simple jet ca
tation model. An optimal temperature for cavitating jet oxidati
may be that for peak erosion rates due to cavitation. As w
ultrasonic results of the literature, cavitating jet oxidation ra
improved with decreasing pH.

These results suggest a great potential for the use of jet ca
tion in full scale waste treatment and remediation systems.
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