Centimeter
1

I'"

2

3

4

'1'"'1'"'1
1

5

2

6

7

8

9

10

''''1''''1''''1''''1''''1''''1''''i''''
3

Inches

11

4

ILl_,e

IIIIl_IIII1_
lllll_

BY _PPLTED

IMP@E,

13

14

15 mm
!

_

lilil"
.....

12

INC.

5

ADVANCED

TURBINE/CO

2 PELLET

ACCELERATOR

C. A. Foster and P. W. Fisher
Oak Ridge National Laboratory
Oak Ridge, Tennessee
DISCLAIMER
This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

NSRP Panel

SP-3 Surleee

Preparation

and Coating Meeting

May 16--17, 1994

Kenner,

Louisiana

BISTR19UTION OF THIS DOCUMENT

IS UNLIMITED

t

B

ADVANCED

TURBINE/CO

2 PELLET

ACCELERATOR

C. A. Foster and P. W. Fisher
Oak Ridge National Laboratory
Oak Ridge, Tennessee

DoD/Industry
Advanced

Coatings

May 17-19,
New Orleans,

Removal
1994

Louisiana

ABSTRACT

ADVANCED TURBINE/CO2 PELLET ACCELERATOR
C. A. Foster and P. W. Fisher
Oak Ridge National Laboratory,Oak Ridge, Tennessee

An advanced turbine/CO2 pellet acceleratoris being evaluated as a depaint technology at
OakRidge National Laboratory. The program,sponsoredby WarnerRobins Air Logistics
Center,RobinsAir Force Base, Georgia, has developed a robot-compatible apparatusthat
efficiently acceleratespellets of dryice with a high-speedrotatingwheel. In comparisonto
the more conventional compressed air "sandblast"pellet accelerators,the turbinesystem
can achieve higher pellet speeds, has precise speed control, and is more than ten times as
efficient. A preliminary study of the apparatus as a depaint technology has been
undertaken. Depaint rates of military epoxy/urethane paint systems on 2024 and 7075
aluminumpanels as a function of pellet speed and throughputhave been measured. In
addition,methods of enhancingthestrip rateby combininginfra-redheatlamps with pellet
blasting and by combining the use of environmentally benign solvents with the pellet
blasting have also been studied. The design and operation of the apparatus will be
discussed along with dataobtainedfromthe depaintstudies.
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INTRODUCTION
The centrifuge CO2 cleaning system is a method of cleaning surfaces. Use of CO2 is
environmentally
soundbecause
itisreadily
available
asa by-product
stream
frommany
industrial
processes.
Thecleaning
action
takes
place
when thehighspeedpellet
offrozen
CO2 impacts the surface and knocks loose any contamination. Depending on the speed of
the pellets the cleaning action can be adjusted from a low impact pressure regime up to an
aggressive impact during which relatively hard surfaces can be removed or etched. The
cleaning applications of the centrifuge-based pellet accelerator are similar to those of
commercially available CO2 pellet cryoblasting systems that use compressed air to
accelerate the pellets. The distinguishing feature of the centrifuge system is that it can
achieve much higher pellet speeds at increased efficiency, which allows the centrifuge
system to performmore aggressive cleaning and etching tasks. For example, removing
epoxy-based paints from aircraft,a task that previously used large quantities of methylene
chloride solvents, may be economically feasible with high-speed CO2 pellets. Another
application is the cleaning of surfaces contaminated with toxic, hazardous, or radioactive
substances. In these applications the lack of a secondary contaminated waste stream is of
great benefit.

THEORY

OF OPERATION

The centrifuge acceleratescryogenic pellets with virtually no contact forces between the
pellet and the accelerator. The accelerationprocess utilizes the commonly known property
that frozen CO2 (dry ice) "floats" on a self generatedgas bearing when placed on a smooth
surface.
Pellets
injected
into
a highspeedrotating
track
arethusaccelerated
withnegligible
friction
loss,
Fig.I.Figure
2 showsthetypical
geometry
ofa track
inacentrifuge
wheel.
Pellets
exiting
thewheelhavea speedVpdetermined
bytheperipheral
speedofthewheel
vw andtheexit
angle
0 between
thetrack
andthetangent
ofthewheel,
Fig.
2.
Vp= 2vw cos(0/2).

(1)

The track geometryfor our present wheel has an exit peripheralangle of 45 degrees giving
a pellet speed of 1.75 times the wheel tip velocity. Speeds of up to 350 m/s (1150 ft/s) and
acceleration efficiencies of 80%(65%overall efficiency) have been achieved. All pellets
accelerated by the wheel have essentially the same velocity which means that the entire
streamcan be delivered to the surface at the optimal velocity for the particular application.
This is in contrast to compressed air systems which deliver pellets with a range of
velocities.
The interaction of the high speed pellet with a surface can be modeled using the same
physics as the impact of a high speed fluid droplet on a surface, Fig. 3. In this case the
mapact pressure ,.'_reatedon the surface is given by the 'water hammer' equation. This
equation relates the impact stress s to the pellet velocity Vp, pellet density P l and
compressive
soundspeedU I:
s=PlUlVp
forimpact
withrigid
surfaces
and

(2)

s = vpp 1U1 p2U2/(p 1U1+p2U2)

(3)

for impact with semirigid surfaces. The compressive sound speed is one measure of the
pellet's hardness. Even though dry ice is relatively soft, at high speeds the pressures
developed during impact can be made larger than the yield strength of most materials.
Depending on the surface being impacted, there is a characteristic threshold velocity above
which erosion takes place. It is interesting to note that this physics model corresponds to
any abrasivemedia which is significantly softer than the surface being impacted. Therefore
all of the soft abrasiveand liquid impact cleaning technologies am basically the same. That
is, one would expect to achieve comparable results with high pressure water, CO2, or
plastic media abrasives for comparable surface impact pressures as given by Equations 2
and 3.
The differentiating features of the soft abrasive technologies depend on the speed and
efficiency of the accelerationtechnology, the cost of the equipment,the cost of the abrasive
material, and the cost of the recovery or cost of disposal of the abrasive material. The
principleadvantageof the centrifugeCO2 system is that it can achieve pellet speeds high
enough to perform aggressive etching. Furthermore, it is efficient and the waste
processing is done with a simple high efficiency air filtering system. Another
distinguishingfeatureof the CO2 system is that duringimpact the CO2 is convened fi'oma
solid to a high pressure supercriticalfluid which undergoes a rapiddecompression and
expansion which can be quite effective in dissolving hydrocarbons and in sweeping away
surfacedeposits. These effects areespeciallyimportantin cleaning porous surfaces.
EXPERIMENT
The experiment involved design, fabrication, and testing of a robot compatible device,
similar to Fig. 1. The hardwareused to accelerate the CO2 pellets consists of a high speed
electric motor and a specially designed aluminum accelerator disk. This unit uses a
lightweight 11 kW (15 HP) brushiessDC motor with a 0.35 m (14 in) wheel. The weight
of the acceleratoris kept low forcompatibility with the robot. This unitwill accelerateCO2
pellets delivering up to 454 kg/h (1000 lbs/h) atvelocities of 350 m/s (1150 ft,/s)and clean
a swath about 13 cm (5 in) wide as it is scanned across a surface. A commercial CO2
micro-pellet fabrication machine was used to feed the centrifuge. The unit was mounted
on a GlVIFanucS-420F robot, which was programmedto move the device acrosssheets of
paintedaluminumpanels atvariousrates in orderto obtaindepaintingrates.
Painted panelsamples which measured 0.51 m by 1.02 m (2 ft by 4 ft) were mounted on a
horizontal supportmatrixwhich was designed to simulate the rib structureof the aircraft.
This was mountedon a tabletop andsurroundedby an exhaust shroudto collect the carbon
dioxide gas and paintchips. A 57 m3/min (2000 CFM) HEPA filter system collected this
gas anddirected the exhaust outside the building. The pelletizer was startedabout 45 rain
prior to the run to collect a supply of pellets for the run. The robot was programmedto
sweep the device in a linearscan at programmableratesfor designated distances acrossthe
panel. Parameterssuch as offset distanceand startingposition were also programmable.
The robot scan was generallytestedpriorto operatingthe device. If preheatinglamps were
used duringthe run,they would be turnedon first. The motor speed would then be set and
the motor turned on. Pellet feed would than be initiated and the robot scan would be
initiated.

Four different aluminum substrates used in this work: 2024-T3 and 7075-T6 aluminum
each with a thickness of 0.081 mm (0.032 in) and 1.57 mm (0.062 in). The panels were
cut, marked, and sent to Warner Robins ALC for painting. They received a coat of MIL-P23377 epoxy-polyamide primer on both sides and a finish coat of gray gloss MIL-C-83286
urethane-aliphatie isocyanate paint on the side to be tested. The samples were then
artificially aged and returned to ORNL. There were a total of twenty test panels prepared.
Samples were run at room temperature with various pellet feed rates and scan rates, at
elevated temperatures, and with solvent augmentation. Cleaned areas were measured using
the 'paper dolly' method in which the cleaned area was traced on paper, cut out, and
weighed. Weights were then compared to weights of known areas to determined the area
cleaned. The results of these tests are presented below.

RESULTS

AND DISCUSSION

PEI2.Er VELDCTrY MEASUREMENTS
Double pulse strobe lighting with 200 its between pulses was used to determine pellet
velocities. Distances between double exposure video images of the same pellet were used
to calculate distance traveled during this time period. Results of analysis of about 200
individual pellet trajectories from 24 video frames are shown in Fig. 4. The theoretical
speed at the point of release on the wheel at this velocity (12,000 rpm) is 390 m/s
(1280 ft/s). Theoretical calculation of velocity reduction due to air drag for several sizes of
spherical pellets are presented as the lines in the figure. Pellets are fed into the wheel as
l-ram diameter cylinders and it is plausible that they may undergo breakage in the feed line
and during acceleration. Video images of the pellets were not of good enough quality to
measure actual pellet diameter. Pellets strike the surface being cleaned in the range of 18 to
25 mm (7 to 10 in) from the wheel. In this range pellets are traveling at a speed of about
350 m/s (1150 ft/s).
STRAIGHT BLASTING RESULTS
During a typical scan the robot was programmed to clean ten 120 mm (4.72 in) long
segments at rates of 64, 32, 28, 16, 12, 8, 6, 4, and 3 mm/s (12.6, 6.3, 5.5, 3.1, 2.4,
1.6, 1.2, 0.8, and 0.6 ft/min). Figure 5 shows the fraction of the surface cleaned as a
function of the quantity of pellets striking the surface for three different pellet velocities.
The curveshavea sigmoidshapeshowingan incubation
periodwherelittle
orno erosion
occurs,
followed
by periodofrapidly
increasing
erosionrateand finally
leveling
offas
100% cleaning
isapproached.The devicecleansa 13.3cm (5.25in)swathwiththe
cleaning
efficiency
beingthehighest
atthecenter.
At optimalstrip
rates,
thecenter
ofthe
swathisfully
cleaned
withtheedgesleft
partially
stripped.
A 2.5-cm(Iin)overlay
on the
nextpasscompletes
thestripping
oftheedgeregion.Figure6 showstheeffect
ofpellet
feedrateon cleaning
rateatthehighest
pellet
speed(I150 ft/s).
Thiscurveagainshows
behavior
typical
ofmosterosion
processes
inthatthereissome incubation
periodbelow
whichcleaning
doesnotoccurfollowed
by a segmentofrapidly
increasing
cleaning
rates.
At Ifgher
rates
thedataisshowingsignsofleveling
off.Itappearsthatat12,1300
rpm at
least
79 kg/h(175Ibs/h)
istheincubation
rateandthatabout227 kg_2(500Ibs/h)
may be
theoptimaloperating
pointwhere depaintratesof about6.7 m/h (1.2ft2/min)
are
achieved.

Figure 7 shows results of Almen strip test runs. Almen test strips were cut from 0.81-mm
(0.32 in) thick 2024-'1"3painted panels and run under trypical cleaning conditions. The
curves show incubation periods similar to those for cleaning curves shown in Fig. 5.
Almen deflection and fractional cleaning also appear to be related, andit appearsthat the
Aimen deflection associated with a specific level of cleaning may be independent of the
pellet speed. Two important effects must be consideredin evaluation the potential surface
hardening, which would result from multiple depaint cycles. First, the Almen deflection
curves tend to saturate with additional dosing so that each subsequent cleaning would
produce less additional Almen deflection than the previous cycle. Second, the paint
actually protects the surface, especially throughthe incubation period, so that curves for
Almen deflection for the accumulated dose for unpaintedmaterial will be higherthan those
forpaintedspecimens.
HEAT AUGMENTEDDEPAINTING
In an earlier phase of this program it was found that mild heating of the surface made
dramatic increases in depainting rate, therefore, furthertests in this area were performed
with this new accelerator. Three heating methods were explored: a 5 kW hot air gun
blowing on the surface just ahead of the blast area in the scan direction, two 1.2 kW
Research Inc. infrared lamps mounted on the unit in the scan direction, and portable
Wal Martheat lamps used to warm the surface prior to scanning. The temperatureof the
surface was read just ahead of the blast zone with an Exergen infrared thermometerand
recorded. Results show that the important factor in determining depaint rate is the surface
temperatureand not the method used to producethe temperatureincrease.
Figure 8 shows the results of experiments to augment the strip rate by heating the paint
surface. The quartz infra-red heat lamps, mounted on the turbine wheel housing, preheat
the surface to a temperature around the boiling point of water (212° F) for a few seconds
preceding the blasting. The heating softens the paint and thereby increases the depaint rate
by a factor of 3-to-4 times the unheated strip rate.
SOLVENTAUGMENTEDDEPAINTING
Another option availableto enhance striprate is the use of environmentally benign solvents
to presoften the paint. There are many such solvents available, but only two were used to
test the concept: methyl-ethyl-ketone (MEK) and 3M Safest Strip. MEK is very volatile
and would evaporate too rapidly to have any effect if just painted on the surface. This
problem was circumvented by laying a towel on the surface, soaking it with MEK, and
covering with plastic to prevent evaporation. Safest Strip contains agents which retard
evaporation, however, the surface was also covered after application to prevent hardening.
With these mild solvents the surface must be soaked for some time to cause an effect. In
these tests the solvents were left on the panel over the weekend, or about three days. These
samples were run at only one scan rate (9.5 ft/min) and the results are shown in Fig. 9 with
results from heating and straight blasting for comparison. As can be seen in the figure,
solvent augmented cleaning rates are on the order of four times the unaugmented rates.
CONCLUSIONS

AND

RECOMMENDATIONS

This program has produced a robot compatible centrifugal dry ice pellet depainting device
for USAF Warner Robins ALC. This device is about 10-times the efficiency of
conventional dry ice blasting equipment which utilizes pneumatic acceleration. The device

has been shown to be capable of delivering 454 kg/h (1000 lbs/h) at velocities of 350 m/s
(1150 ft/s). The device is powered by a specially developed lightweight brushless DC
motor which develops over 15 kW (20 HP) at 12,000 rpm. While the device has not been
qualified for operation at higher velocities, the motor has been run at 16,000 rpm, and the
entire device has been tested to 14,000 rpm without pellets. Modest increases in velocity
may be desirable to increase cleaning rates. The device was mounted on a robot at ORNL
which scanned it across sample surfaces. It was shown to clean a swath about 13.3-cm
(5.25-in) wide with a 3.8-cm (1.5 in) standoff distance. Depainting rates in excess of
5.6 m2/h (1 ft2/min) were measured with a pellet feed rate of 227 kg/h (500 Ibs/h). Rates
in excess of 22 m2/h (4 ft2/min) were measured when the paint was preheated to
temperatures on the order of 100 C (212 F) or when the paint was presoftened with several
environmentally benign paint stripping agents.

CENTRIFUGE PELLET ACCELERATOR
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Fig 1. Turbine cryoblaster concept. Pellets are fed into grooves near the
center of the wheel and accelerated to 1150 ft/s as they exit the device.
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Fig 2. Wheel geometry showing vector sum of velocities as pellets exit the grooves.
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Fig 3. Shock wave propagation in pellet and surface during impact.
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