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ABSTRACT

A technical advance in underwater cutting equipment
is needed for many ocean oriented industrial applications.
DAEDALEAN ASSOCIATES, Incorporated engineers investigated the
potential of a controlled cavitation erosion (CONCAVERQEr)
technique as an advancement of underwater cutting technology.

The intensity of cavitation erosion is dependent wupon
the nozzle design, distance, velocity and application envir-
onment. Efforts have been concentrated on optimization of
the parameters of design and distance in order to maximize
the associated intensity of erosion. The intensity of ero-
sion varies as the twelfth power of the nozzle velocity in
the range from 750 fps to 1250 fps.

The specific energy for cutting medium strength rock
with the CONCAVER system surpasses the comparable energy
ratings of the rotary tool and water cannon. Utilization
of these abilities has enabled DAI to cut 1/2 inch thick
aluminum plate at the rate of 1-1/16 inch per minute. Hav-
ing advanced aluminum cutting to this point, DAI is on the
threshold of cutting steel underwater. Further laboratory
experimentation is required in order to characterize the

CONCAVER system for field operation.
™~
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TECHNICAL REPORT ON THE RESEARCH
OF CONTROLLED CAVITATION EROSION
TECHNIQUES FOR UNDERWATER
STEEL CUTTING APPLICATIONS

1.0 INTRODUCTION

The phenomenon of cavitation erosion has exhibited unique
potential as an underwater cutting technique. In the past cav-
itation erosion has caused rapid deteriorationof high speed hy-
drodynamic sv cems. Hydrofoils, rudders, marine propellers,
pumps, valve and other similar systems have been damaged by
the energy 1:2leased as cavitation bubbles collapse (1,2%). Many
years of re.earch have been devoted to minimization of the ef-
fect of th phenomenon (3,4). Although cavitation erosion has
been viewed as a detriment in the past; when properly control-
led, the phenomenon may be used to accomplish tasks with bene-
ficial results (5).

Under the sponsorship of the Office of Naval Research, the
basic research for a controlled cavitation erosion (CONCAVER@ES
system has been developed for underwater cutting to demonstrate
the feasibility of the CONCAVER technique. Upon completion of
a successful laboratory feasibility demonstration, efforts were
directed towardmaximization of the intensity of cavitation ero-

sion. Laboratory investigations have concentrated upon the

* Numbers in parentheses refer to references at the end of this
report.
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parameters which directly govern nozzle performance. These
parameters consist of nozzle distance, nozzle velocity, noz-
zle loss coefficient, nozzle diameter and nozzle geometry.
As the program continued, the obtained values of intensity
and cutting rate in aluminum have consistently increased.
Continued experimentation and equipment fabrication have
moved CONCAVER technology progressively toward the ultimate
goal of cutting steel underwater at comparable rates with

existing state-of-technology equipment.
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2.0 BACKGROUND AND OBJECTIVES

Cavitation erosion, in the past, has been a major problem
for designers of hydrodynamic equipment. Realizing the enormous
potential of this controlled phenomenon, a program was proposed
to investigate the potential of cavitation as an underwater tool.
By extrapolation of in-house data, calculations of anticipated
cutting rates in steel utilizing controlled cavitation erosion
were the basis for the proposed program.

Under the sponsorship of the Office of Naval Research, the
initial program was undertaken to investigate the feasibility of
controlled cavitation erosion cutting. A CONCAVER pumping sys-
tem was assembled. The system was rated for 4.2 gpm flow at
7,500 psi maximum operating pressure. Figure 1 is the schemat-
ic diagram of the pumping system. The system was utilized to
penetrate a 1/8" thick aluminum plate. Intensities of cavita-
tion erosion were measured and the intensity-velocity-power law
relationship was established. A direct relationship between
intensity of erosion and cutting rate was established, and the
specific measurement of intensity of erosion as a function of
velocity was characterized. Measurements of velocity and in-
tcosity were used to predict cutting rates.

During the second phase of the program, the laboratory fa-
cility was expanded by the design of a second pump and addi-
tional laboratory equipment to measure associated nozzle pa-

rameters. The additional system was capable of 5 gpm flow at
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12,000 psi operating pressure. This facility was used to ex-
tend the velocity power law relationship to 1,200 fps. A cut-
ting rate in 1/4" thick aluminum plate was established of 1/2
inch per minute.

As a result of the successful accomplishments in the ini-

tial phases of the program, the current phase of the research

program was established. The major objective of this phase of
the program was to generate the necessary engineering data in
order tomaximize the intensity of erosion and the cutting rate
potential of the CONCAVER system.

In order to reach this major objective, the program pro-

gressed in two major segments. The specific objectives were:

v 1. To evaluate the associated nozzle parameters of noz-
zle diameters, loss coefficient, nozzle velocity, noz-

zle pressure and nozzle offset distance in order to

determine the effect on intensity of erosion and cut-

‘ ting rate.

2. To evaluate cutting rate in 1/2" thick aluminumplate

E based on the results of data accumulated:

3. To extend the operating pressure to 15,000 psi.

Additional objectives were established based upon analysis of

the data generated. These objectives were:
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1. To evaluate the effect of nozzle geometry on nozzle

performance;

2. To optimize the single nozzle cutting rate for the

CONCAVER facility;

3. To evaluate the cumulative effect on cutting rate

utilizing dual nozzles;

4, To evaluate the effect on cutting rate at simulated

water depths;

5. To establish cutting rates in 1/2" thick aluminum,

based on nozzle optimization.

The test data in this report addresses the accomplish-

ments of this phase.
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3.0 EXPERIMENTAL APPARATUS AND TECHNIQUES

During the second phase of the program the laboratory fa-
cility was expanded in order to obtain increased velocities.
In addition, laboratory equipment was required to measure the
associated nozzle parameters. The equipment designed and as-
sembled during the second phase was utilized for the experi-
ments in Phase III. Figure 2 is the schematic diagram of the
additional laboratory facility. The system is comprised of a
triplex plunger pump, drive motor, control panel, test chamber
and associated hardware. The pump is rated to operate to a
pressure limit of 12,000 psi for a flow rate of 5 gpm. The
pump is driven by a belt system from the electric motor which
is rated at 60 horsepower. Modifications to this system have
increased the operating capabilities of the pump to 15,000 psi
pressure at a 5 gpm flow rate. These modifications were made
in an effort to further expand the velocity capabilities.

The control panel was designed to incorporate the gauges,
switches and valves required to operate the pump in conjunc-
tion with the test chamber. One portion of the panel contains
all of the pump associated controls. The pump or nozzle pres-
sure gauge, the supply suction pressure gauge, and the air sup-
ply pressure gauge were mounted ‘n this portion of the panel.
Also, the pump, air compressor and auxiliary power control
switches were mounted in this portion. The second portion of

the panel contained the equipment associatedwith the operation
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of the test chamber. A flow meter, a chamber level indicator,
three chamber pressure gauges and the required valving was
mounted in this portion of the panel. Figure 3 is the con-
trol panel schematic diagram.

The test chamber was designed and assembled with two ma-
jor capabilities: 1) the ability to rotate and position a
specimen test plate with respect to a stationary nozzle; and
2) the ability to withstand increased pressures thereby simu-
lating increased water depths, The chamber was designed to
accept 6" x 6" test specimens and to accommodate nozzle dis-
tances up to 9'". It was also designed for hydrostatic pres-
sures of 1,500 psi. This capability would allow testing to
simulated water depths of approximately 3,000 feet. View
ports were an integral part of the test chamber. These ports
allowed visual observations to be made while experiments were

being conducted. Figure 4 is the design concept drawing of
the test chamber and identifies the capabilities of the test

chamber. Figure 5 is the schematic flow diagram for the com-
plete CONCAVER test facility.

Additional laboratory apparatus consisted of the veloc-
ity calibration chamber which was designed for the sole pur-
pose of improving the velocity measurement techniques. Fig-
ure 6 is the design drawing of the velocity chamber. Water
enters the chamber through the nozzle and leaves the chamber

through the discharge port. The discharge calculations de-

termine the velocity and flow measurement.




DAEDALEAN ASSOCIATES, Incorporated 8

An additional equipment modification was required for the
dual nozzle testing. The access port of the test chamber was
modified. This door incorporated the fittings which support
the nozzle and the specimen rod. An additional fitting was
installed in the door to allow a second nozzle to operate si-
multaneously. The fitting was installed such that the two
nozzles cut on the same arc. As the specimen plate was rota-
ted, the circle was cut by two nozzles 180 degrees apart. This
modification is illustrated in Figure 7. The associated high
pressure plumbing changes were also made so that both nozzles

functioned simultaneously.
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4.0 OPERATIONAL PROCEDURES

Each nczzle was tested and evaluated in terms of the four

major nozzle performance parameters. These factors included:
Nozzle velocity, Vo. (in fps);
Loss coefficient, Cv, (nondimensional) ;

Breakthrough time, B (seconds); and

t)
Nozzle horsepower, HPm, (horsepower) .

Fo R S D N

The nozzle parameters were optimized with respect to nozzle
distance (Dn)’ nozzle pressure (Po), and nozzle diameter (Do).
The accumulated test data included the velocity calibration,
and the intensity calibration.

The orifice diameter of each nozzle was accurately mea-
sured as an initial step. This information was important for
technical documentation as well as velocity calibration. After
the nozzle diameter had been recorded, the nozzle was instal-
led in the velocity calibration chamber and the velocity cali-
bration was determined. Additionally, the velocity and loss
coefficient (Cv) information was obtained as the intensity
calibration was performed.

4.1 The Velocity Calibration

Specific tests were designed in order to generate both
the velocity-pressure and loss coefficient pressure relation-
ships. With the nozzle in the calibration chamber, the pres-

sure was increased in 1,000 psi increments from 1,000 psi to
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15,000 psi. For each pressure increment, three flow rate mea-
surements were recorded. The repeat measurements ensured ac-
curacy and reproducibility of the data generated. Applying
this data to equation (1], the nozzle velocity as a function

of nozzle pressure was determined.
Vo = Q/A (1]

where:
Vo = nozzle velocity (fps)
Q = flow rate (gpm)

A = nozzle orifice area (in?)

The second relationship developed from the velocity calibra-
tion data was the loss coefficient as a function of pressure.
The loss coefficient (Cv) is defined by:
o
Cy ;— (2]
th
where:
Cv = loss coefficient (nondimensional)
Vo = actual nozzle velocity (fps)

V., = theoretical nozzle velocity (fps)

th

The theoretical velocity is defined as the velocity potential
and is dependent on operating pressure. The following equation

mathematically defines vth:
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/”——__—.
Vs -\/2 g <+ AP 13)

where:

v = theoretical velocity (fps)

th
g = gravitational force (ft/sec?)

AP = pressure drop across the nozzle orifice (psi)

The velocities calculated from equation [1] are applied
to equation [2], in order to obtain the corresponding pressure
to calculate vth from equation [3]. The loss coefficient, Cv'
as a function of nozzle pressure can be calculated. This non-
dimensional velocity coefficient is used as a performance in-
dicator for the nozzle. An efficient nozzle will have a high
Cv factor and will be constant with respect to pressure.

4.2 The Intensity Calibrations

The intensity calibrations were obtained from experiments
utilized to determine the remaining parameters of interest for
each nozzle examined. For these experiments, the test chamber
was utilized. Intensity calibrations were performed at a cham-
ber pressure of zero psi (sea level water depth). The nozzle
was seccured within the test chamber along with a test sample
specimen. The sample material utilized for all intensity cali-
brations was 1/4" thick 1100-F aluminum plate, 6" square. This
material was chosen because the erosion characteristics and ero-
sion strength were known quantities. With this equipment in-

stalled, the chamber was sealed, flooded and testing initiated.




DAEDALEAN ASSOCIATES, lncorporated 12

The intensity calibrationmeasured breakthrough time(Bt).
which was used to calculate intensity of erosion. Breakthrough
time was measured as a function of nozzle distance for nozzle
pressures in the range of 10,000 to 15,000 psi. At a specific
pressure, the nozzledistance(Dn)was varied from 1/4" to 3/4".
At each distance setting, three breakthrough times were measur-
ed. The additional measurements were made to ensure accuracy
and reproducibility. In addition, a check on nozzle perform-
ance was made. For each adjustment of the distance setting,
a flow rate measurement was made. This information was com-
pared with the velocity calibration and previous measurements
in order to ensure consistent nozzle operation. As each break-
through time measurement was made, the test sample was rotated
to a clear position to start the next data point.

The breakthrough time data was applied to the following

equation which defines intensity of erosion:

:S
St (4]
where:
Ie = intensity of erosion (watts per meter?)
i = erosion depth (thickness of sample plate) (in)
t = exposure time (breakthrough time measured) (sec)
S = erosion strength of the material (psi)
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Calculated values of Ie were normally plotted as a function
of nozzle pressure and/or nozzle distance.

The nozzle power parameter was obtained for each nozzle
evaluated. Nozzle power was plotted as a function of nozzle
pressure. Data obtained from both calibration tests was uti-
lized to determine nozzle power from the following equation:

- QAP
i = 1714 t

where:
HPm = measured nozzle power (np)
Q = nozzle flow rate for a given AP (gpm)

AP = pressure drop across the orifice (psi)

The nozzle power parameter was utilized for optimization and
system design because the power requirement of the prototype
field system can be established.

The velocity calibration chamber was not utilized for
the double nozzle calibration because it would not accommo-
date two nozzles. Therefore, the velocity (Cv) and flow rate
measurements were made in the test chamber. Intensity cali-
bration data with two nozzles was gathered following the pre-
viously described procedures.

The effect onbreakthrough time for increasedwater depth
was investigated after the optimum nozzle diameter had been

determined. The optimum nozzle and specimen plate were mounted
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in the test chamber, and in order to minimize the number of
variables; the optimum nozzle distance was set constant for
the test duration. Three operating nozzle pressures were
selected from 10,000 to 15,000 psi. At each nozzle pressure,
a range of chamber pressures was examined from 0 to 50 psi
which simulated water depths (d) from O to 115 feet. For
each chamber pressure setting, the breakthrough time was

measured.
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5.0 EXPERIMENTAL RESULTS AND DISCUSSION

5.1 Nozzle Evaluations

Nozzles ranging in orifice diameter from 0.020 to 0.040
inches were tested. This testing occurred prior to system
modification. For this reason, the maximum nozzle pressure
reached with the initial series of nozzles was 12,000 psi.
Figure 8 is an example of data obtained for each nozzle test-
ed. From this data, optimum breakthrough time and nozzle dis-
tance was obtained for the nozzle being evaluated. For the
0.033 nozzle shown in Figure 8, the optimum distance was 0.48
inches and the optimum breakthrough time was 18 seconds. Sim-
ilar data was gathered for each nozzle tested.

Figure 9 is the graphic summary of breakthrough time as
a function of nozzle distance for the initial series of noz-
zles tested. The optimum distance for the 0.030 inch diameter
nozzle was found to be 0.5 inches. Figure 10 illustrates the
optimum breakthrough time as a function of nozzle diameter.
This figure indicates the optimum breakthrough time obtained
for eachnozzle tested. Figure 11 is the optimum breakthrough
time as a function of nozzle pressure for the nozzles tested.
For a given nozzle pressure, Figure 11 will allow determina-
tion of the optimum breakthrough time obtained at pressure
for eachnozzle evaluated. Figure 12 is adesign chart relat-
ing optimum breakthrough time and measured nozzle power to

nozzle diameter for various operating pressures. The power
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produced and associated breakthrough time can be determined
from Figure 12 for any nozzle diameter and operating pressure
combination. As an example, for an 0.030 nozzle at 12,000 psi,
the power produced by the nozzle was 14 horsepower. The power
rating of 14 horsepower generated breakthrough times of ap-
proximately 20 seconds.

At this time in the program, the laboratory experiments
and the equipment were modified to produce 4.2 gpm at 15,000
psi nozzle pressure. Test procedures were identical for the
second series of nozzles with the exception that the pressure
range was extended to include 15,000 psi. Figure 13 is an ex-
ample of the data gathered for each nozzle in this series.
This figure indicates breakthrough times obtained for the 0.030
inch diameter nozzle as a function of nozzle distance at 12,000
psi nozzle pressure. The optimum distance was about 1/2 inch.
The optimum breakthrough time had been reduced from approxi-
mately 20 seconds to approximately 10 seconds. A similar im-
provement in breakthrough time was noted for each nozzle in
the series.

The additional data at 15,000 psi showed as additional
reduction in breakthrough time. The breakthrough time curve
flattened and remained constant as a function of nozzle dis-
tance. Figure 14 illustrates the data gathered. Breakthrough
time was reduced to approximately 5 seconds and was nearly

constant for distances from just under 1/2 inch to just over
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5/8 inch. The flattened curve was significant because it in-
dicated the ability to cut thicker materials at the same rate
the 1/4 inch thick material was being cut. The information
obtained while testing this series of nozzles led to the at-
tempts to cut 1/2 inch thick aluminum rate. Figure 15 illus-
trates the data. For the optimum nozzle distance, which was
approximately 1/2 inch, the optimum breakthrough times were
plotted as a function of nozzle diameter for both 12,000 and
15,000 psi. The data indicated the minimum breakthrough time
occurred for a nozzle diameter of 0.030 inches. The optimum
breakthrough time obtained for that nozzle was 10 seconds at
12,000 psi and 5 seconds for 15,000 psi.

The summary chart (design chart) shows optimum break-
through time and nozzle power as a function of nozzle diame-
ter. Figure 16 is that chart for this series of nozzles. Fig-
ure 16 indicates that the optimum breakthrough time occurred
for a nozzle power of approximately 22 horsepower. The opti-
mum breakthrough time was obtained with only 1/2 of the total
power available with the system. This testing allowed the
cutting ratein 1/2 inch thick aluminumplate to be established
at 5/8 inch per minute as indicated in Figure 17.

The testing proceeded and basic data was gathered for a
third series of nozzles ranging in diameter from 0.020 to

0.040 inches. Figure 18 is the velocity curve for the 0.033

inch diameter nozzle as a function of pressure for pressures
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ranging from 10,000 to 15,000 psi. This data showed the steady
progressive increase of velocity with respect to pressure. Fig-
ure 19 is the corresponding loss coefficient (Cv) data. The
CV data indicated a slightly lower performance for this series.
However, the loss coefficient remained constant over the pres-
sure range. The data was obtained for nozzle pressures from
10,000 to 15,000 psi.

Breakthrough time data was also gathered for the nozzle
series. Figure 20 illustrates the breakthrough time data for
the 0.033 inch diameter nozzle at 15,000 psi. Similar data
was gathered until the complete diameter range had been cali-
brated. The first summary curve generated the comparative
loss coefficient factors of the nozzles tested. Figure 21
illustrates the performance factors of the nozzles tested.
Additional summary curves relating optimum breakthrough time
to initial nozzle pressure and nozzle diameter are given in
Figures 22 and 23. From Figure 22, the optimum diameter was
seen to be 0.033 inches. This nozzle delivered breakthrough
times of 10 seconds or less. Figure 25, which relates break-
through time to diameter directly, graphically illustrates the
performance of each nozzle for three pressures. Figure 24
shows the optimum breakthrough time and measured nozzle power
as a function of nozzle diameter for this series of nozzles.

The 0.040 inch diameter nozzle was important because this

nozzle utilized all of the available power of the system.
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Figures 25 and 26 are the respective velocity calibration and
loss coefficient curves for the 0.040 inch diameter nozzle.
From the velocity calibration, the velocity of the 0.040 noz-
zle at 15,000 psi was approximately 1100 fps. The flow rate
for this nozzle indicated 90% of the available flow was pas-
sing through the orifice. Utilizing equation [5], the horse-
power measured at the nozzle was found to be approximately 4!
horsepower.

Figure 27 graphically illustrates the breakthrough time
as a function of nozzle distance for the 0.040 inch diameter
nozzle at 15,000 psi. The breakthrough time did not maintain
distance independence. The breakthrough time increased beyond
5/8 inch nozzle distance. The minimum breakthrough time ob-
tained was approximately 15 seconds. The optimum breakthrough
time as a function of nozzle diameter was obtained with the
0.033 inch diameter nozzle. The complete design chart expres-
sing the total capabilities of the CONCAVER system witha sin-
gle nozzle was assembled. Figure 28 illustrates the optimum
nozzle for the CONCAVER system. Utilizing the information in
the design chart, and the limitations of the flow system, an
evaluation of dual nozzle testing was initiated.

5.2 Dual Nozzle Testing

The CONCAVER system was capable of a 5 gpm flow rate at
15,000 psi. By calculation, two 0.033 inch nozzles would not

reach 15,000 psi because one nozzle of that diameter would
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require more than 50% of the total flow potential. Therefore,
the 0.025 inch diameter was chosen because two nozzles would
accommodate the flow and reach maximum pressure. The modifi-
cations previously described were incorporated into the sys-
tem for dual nozzle testing. After modification of the facil-
ity, testing followed the same procedures as before. Each
nozzle was calibrated independently to ensure individual char-
acteristic response. A velocity calibration was performed.
The double nozzle system was installed in the test chamber
and the velocity calibration was repeated.

The velocity calibration data showed that the two nozzles
were actually passing more flow than had been calculated, but
not in excess of the system limit. Figure 29 is the velocity
calibration curve for the two nozzle system. The maximum ve-
locity attained was approximately 1150 fps. This velocity was
slightly higher than predicted, but predictions were based on
an assumed Cv factor. Figure 30 illustrates the actual loss
coefficient data obtained as a function of nozzle pressure.
The two nozzles operatedwith a loss coefficient of 0.77, which
was comparable to the single nozzle value. Additional infor-
mation gathered from the velocity calibration indicated that
the two nozzles produced approximately 30 horsepower at 15,000
psi nozzle pressure.

The intensity calibration of the dual nozzle system gen-

erated breakthrough times which were in the range predicted.




DAEDALEAN ASSOCIATES, Incorporated 21

An optimum distance of approximately 5/8 inch was obtained.
However, the dual nozzle systembreakthrough time was not con-
stant with respect to distance. Breakthrough time increased
abruptly beyond 5/8 inch nozzle distance. Figure 31 illus-
trates the breakthrough time was approximately 13 seconds.
The breakthrough time increased as a result of using less than
an optimum nozzle diameter, but twice the material was removed.
The increase in breakthrough time did not reduce the associ-
ated cutting rate. Cutting rate data was gathered with the
dual nozzle system on a 1/2 inch thick aluminum plate. A new
cutting rate for 1/2 inch aluminum was established. That rate
was 1-1/16 inches per minute. Figure 32 graphically summari-
zes the cutting rate information obtained.

5.3 Evaluation of the Effect of Water Depth

The optimum single nozzle diameter of 0.033 was utilized
in examining the effect of increased depth on nozzle perform-
ance. Since the cavitating envelope of the jet is a function
of chamber pressure, a constant nozzle distance was used. How-
ever, this provided less than optimum conditions as higher
chamber pressures were tested. Nevertheless, the effect on
breakthrough time was solely dependent upon water depth.

A chamber pressure range from 0 to 50 psi was selected.
This pressure range simulated water depths from 0 to 115 ft.

Nozzle pressures of 10,000, 12,000 and 15,000 psi were evalu-

ated. Figure 33 is the graphic representation of the water
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depth data gathered. Examination of Figure 33 indicated that
at 15,000 psi and 90 feet of water depth, a 467% improvement in
breakthrough time was realized.

5.4 Aluminum to Steel Conversion Factor

The development of an aluminum to steel breakthrough time
conversion factor was the final data gathering activity of
Phase I11. The sample specimens to be tested were subjected
to Rockwell hardness tests in order to specifically identify
the specimens utilized. The aluminum specimen was Rockwell
number 15T-15 and the steel specimen was Rockwell number 30T-56.

In separate tests, each specimen was mounted in the cham-
ber and breakthrough times were measured. Constant nozzle pa-
rameters of distance, diameter and pressure were utilized. A
nozzle of optimum diameter was used (0.033 inch). A nozzle
distance of 1/2 inch was maintained. The tests were conducted
at 15,000 psinozzle pressure. Five breakthrough time measure-
ments were made in each sample for the above conditions. The
average of the five breakthrough time measurements were cal-
culated and used as is illustrated in Figure 34. By dividing
the breakthrough time for steel by the breakthrough time for
aluminum, the conversion factor was established. This factor
indicates the degree of improvement required to cut steel at
the present cutting rate of aluminum. The projected achieve-
ment of this factor was based on increased velocity potentials

and the improvements resulting from water depth. The increased
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intc ity of erosion should be higher than required by the
indicated factor. Figure 35 illustrates the projected veloc-
ity-power law relationship. This figure illustrates the ve-
locities required to increase intensity of erosion by a fac-
tor of 80. The increased intensities indicated from Figure
35 are related to velocity only. Additional increases in in-
tensity should occur as a result of water depth. However,
the effect of water depth on the intensity of erosion has not

yet been fully developed.
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6.0 SUMMARY OF TECHNICAL ACCOMPLISHMENTS

The technical accomplishments of the program have been
dependent on previous accomplishments. As a result, the ac-
complishments discussed in this section are listed in Figure
36. First, the single nozzle testing was extended to the lim-
it of the CONCAVER system. The optimum single nozzle was de-
termined to be in the orifice range from 0.030 to 0.033 inches,
depending on the associated loss coefficient. The optimum
nozzle distance was found to be from 1/2 to 5/8 inch. At the
above setting, the optimum nozzle developed breakthrough times
from 5 to 10 seconds, at a nozzle pressure of 15,000 psi. The
associated intensity of erosion that the nozuie developed was
approximately 21,000 watts per meter squared. The power mea-
sured for this nozzle was 22 horsepower.

The second major accomplishment dealt with dual nozzle
testing. A less than optimum nozzle diameter was selected and
cutting rates determined for dual nozzle cutting. Breakthrough
time measurements were gathered for the dual nozzle system.
Based on breakthrough time information, the two nozzles were
utilized to determine a new cutting rate in 1/2 inch thick
1100-0 aluminum plate. The new cutting rate was established
at 1-1/16 inches per minute.

The third accomplishment was the initiation of investi-
gation into the effects of cutting at different water depths.

Although the initial experiments were not designed to optimize
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the performance at water depths, the testing indicated an im-
provement in nozzle performance. The initial improvement ob-
served at 15,000 psi nozzle pressure was approximately 467%.

The final accomplishment was the development of the alu-
minum to steel breakthrough time conversion factor. The con-
version factor was determined in order to define the exact re-
quirements remaining in the development of the CONCAVER tech-
nique. In order to cut steel at a rate comparable to the rate
developed for aluminum, the current capabilities must be in-
creased by a factor of 80. A method for obtaining this in-
crease was also developed and appears in Figure 35. The pro-
jected region of the velocity power law relationship indicated
the increase in velocity required to obtain a factor of 80 in-
crease in intensities developed by the system. Knowledge of
the requirements remaining have led to certain recommenda-
tions with respect to further technical development of the

CONCAVER technology in order to cut steel underwater.
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7.0 COMPARATIVE EVALUATION OF CUTTING TECHNIQUES

In order to establish a relative scale for the compara-
tive evaluation of different cutting techniques, the current
CONCAVER technology was compared with other state-of-technol-
ogy cutting methods in operation (6,7). The basic character-
istics of the three most widely employed underwater cutting
techniques have been assembled and compared with the CONCAVER.
The comparative information is illustrated in Figure 37. This
figure illustrates the operating advantages and disadvantages
generally described for each technique (8).

A thorough study of Figure 37 indicates two very distinct
advantages to the CONCAVER technique. The first is the elimi-
nation of the hazard due to electric shock. The systems which
now generate the optimum cutting rates can be very hazardous,
if not fatal, if great care and safety are not exercised. The
second advantage is the eliminationof the danger of exploding
trapped materials such as gasoline, fuel oil, ammunition, etc.
All of the other techniques utilize some form of heating sys-
tem which is potentially capable of exploding the aforemen-
tioned materials. The CONCAVER system does not use a danger-
ous heating method and therefore poses no danger of exploding
trapped materials.

The CONCAVER system is at the threshold of moving from

laboratory system to field operational hardware. Additional
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advantages may develop as the transition takes place. How-
ever, the characteristics outlined in Figure 37 show a sys-

tem which already exhibits some very beneficial traits.
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8.0 CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

As the data has been gathered, many questions have been
answered.
the CONCAVER system has been advanced, developed, expanded

and refined.

With each additional experiment, the knowledge of

to the following conclusions:

|

An orifice diameter of 0.030 inch, for a 1/2 inch
nozzle distance and 15,000 psi nozzle pressure,
developed a breakthrough time of 5 seconds in 1/4

inch aluminum plate;

The velocity obtained for the optimum nozzle was

approximately 1200 fps at 15,000 psi.

For optimum nozzle diameters ranging from 0.030
inch to 0.033 inch, the loss coefficient was in

the range of 0.65 to 0.90;

The optimum nozzle at 15,000 psi nozzle pressure
produced a breakthrough time of approximately 10
seconds which was independent of nozzle distance
from approximately 7/16 inch, to approximately

11/16 inch;

For the optimum nozzle intensity of cavitation

erosion increased from 1.0 x 10° watts per meter

The experimental results of Phase III have led
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squared at 10,000 psi to 2.1x 10" watts per meter

squared at 15,000 psi;

6. The optimum nozzle produced 5 second breakthrough
times while only wutilizing 1/2 of the horsepower

available;

7. The cutting rate obtained by trading optimum diam-
eter for dual nozzle operation is 1-1/16 inches

per minute in 1/2 inch thick aluminum plate;

8. At 15,000 psi nozzle pressure, increasing water
depth to 90 feet creates a 467 increase in break-

through time.

9. The intensities of cavitation erosion for nozzles
examined to date vary as the twelfth power of ve-
locity for the velocity range from 750 fps to
12,000 fps.

8.2 Recommendations

The data analysis, in addition to allowing certain con-
clusions to be stated, has provided certain recommendations.
Areas of improvement have been indicated and based on the data
gathered and analyzed, the following recommendations can be

made:
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It is recommended that complete modification be

- aretd MO A I W
—

performed on the 30-5 CONCAVER unit to allow it

T

to operate at maximum capability. This unit will
serve as supply system for both laboratory and

field operation;

|
i
b
!
2. It is recommended that an intensive investiga-
tion of cutting at water depths be performed.
3 Optimum nozzle cutting rates, nozzle distances,
¢
and nozzle pressure with respect to water depths

from 0 to 500 feet must be obtained;

3. It is recommended that the velocity-power law
relationship be established for nozzle veloci-

ties from 1100 fps to 2500 fps;

j 4. It is recommended that a concentrated study be

made to establish methods of increasing nozzle

loss coefficients;

, 5. It is recommended that current nozzle designs

’ be accepted as the standard designs;

6. It is recommended that continued optimization

and system capability advances be based upon

test results with asingle nozzle configuration;
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7. It is recommended that design, development and
fabrication efforts be directed toward the re-
quired field demonstration hardware and equip-
ment. These designs must be guided by factors
of durability, ease of operation, optimum per-

formance and safety;

8. It is recommended that the design data acquired
and hardware fabricated during the proposed pro-
gram be utilized to perform a field demonstra-

tion cutting steel underwater.
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® SPECIMEN SIZE UP TO 6"x6"
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® VIEW PORTS FOR BASIC RESEARCH
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PHASE 3-A

CUTTING RATE
@ 5/8" PER MINUTE
ON ALUMINUM

FIGURE 17 RESEARCH ON CONCAVER CUTTING TECHNIQUES FOR
UNDERWATER APPLICATIONS | ‘
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THE 0.033 INCH DIAMETER NOZZLE
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FIGURE 19 LOSS COEFFICIENT AS A FUNCTION OF NOZZLE PRESSURE
FOR THE 0.033 INCH DIAMETER NOZZLE
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FIGURE 25 NOZZLE VELOCITY AS A FUNCTION OF NOZZLE PRESSURE

FOR THE 0.040 INCH DIAMETER NOZZLE
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FIGURE 26 LOSS COEFFICIENT AS A FUNCTION OF NOZZLE PRESSURE
FOR THE 0.040 INCH DIAMETER NOZZLE
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MEASURED NOZZLE POWER ( HP )

40

30

20

10
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FIGURE 28 OPTIMUM BREAKTHROUGH TIME AND MEASURED NOZZLE POWER

AS A FUNCTION OF NOZZLE DIAMETER FOR THREE OPERATING
PRESSURES SUMMARIZED FOR THE SINGLE NOZZLES TESTED
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172"

CUTTING RATE
1 1/16" IN./MIN.
ON ALUMINUM

FIGURE 32 SUMMARY OF RESEARCH ON CONCAVER JET CUTTING
TECHNIQUES FOR UNDERWATER APPLICATIONS
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FIGURE 33 BREAKTHROUGH TIME AS A FUNCTION OF WATER
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DEPTH, FOR THE

0.033 INCH DIAMETER PLAIN ORIFICE NOZZLE AT OPTIMUM NOZZLE
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/8 1/8"

N\

| 7z

By = 5.1 SEC B, = 411.26 SEC

NOZZLE NOZZLE
ALUMINUM STEEL
ROCKWELL NO. 15T7-15 ROCKWELL NO. 30T-56

OPTIMUM NOZZLE 0.033 INCH DIAMETER USED AT NOZZLE
DISTANCE D,, OF 1/2 INCH AT 15,000 PSI

B¢
STEEL

= CONVERSION = 80

. ALUMINUM

|

FIGURE 34 ILLUSTRATION OF THE DEVELOPMENT OF AN ALUMINUM TO
STEEL BREAKTHROUGH TIME CONVERSION
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SUMMARY OF ACCOMPLISHMENTS

® OPTIMIZED DIAMETER FOR SINGLE
NOZZLE CUTTING

e EXAMINED AFFECT ON CUTTING RATE
FOR TWO NOZZLE SYSTEM

® INITIATED CUTTING AT SIMULATED
DEPTHS

® ESTABLISHED 1% IN./MIN. RATE IN
" ALUMINUM

® ESTABLISHED ALUMINUM TO STEEL
BREAKTHROUGH TIME CONVERSION
FACTOR OF 80

FIGURE 36 SUMMARY OF TECHNICAL ACCOMPLISHMENTS FOR THE
CURRENT PHASE OF THE CONCAVER CUTTING PROGRAM
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FIGURE 37 - COMPARISON OF STAPTE-OF-TECHNOLOGY CUTTING
METHODS WITH CONCAVER CUTTING SYSTEM

Oxygen Shielded

Oxygen Hydro- Metal Concaver
Arc gen Arc System

Preheat Required X
Instant Start X X X
Fuel Gas Required X ,
Electrodes Required X X |
Oxygen Required X X 3
Cuts Ferrous Metals X X X X 3
Cuts Non-Ferrous Metals X X
Cuts Standard Thicknesses X X X X ?
Cuts Non-Metals X X
Cuts Laminated Plating X X
Shallow Diving Gear Permitted X X
Electric Shock Hazard X X q
Flame Adjustment Required X
Electrode Changing Required X * X
Shipboard Explosion Hazard X
High Skill Required X X :
Usable with Small Boats X X
Falling Piece Danger X X X X
Special Eye Protection X X X
Continuous Cutting Process X X
Danger of Exploding Trapped

Materials such as Gasoline, X X X

Fuel 0il, Ammunition, etc. ;
Easily Operated in Tight Spaces X¥* X X

*Not as frequent with ceramic electrode. | !
**Particularly with ceramic electrode. | §
i




