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1. David Taylor Ressarch Center (DTRC), under the Northern
Latitude Logistic Support Task of the 6.2 Logistics Block
Program, has conducted research on developing and assessing
concepts to improve Underway Replenishment (UNREP) operations in
cold weather environments. Earlier work, described in reference
(a), identified solutions that focused on the prevention and
removal of ice buildup on UNREP deck areas and equigpzent.
Potential solutions were categorized as either conventional,
unconventional, or high technology for both anti-icing and de-
icing applications. Conventional systems wvere evaluated and
those with potentially high payoff were recommended for inclusion
in shipboard cold weather kits currently in formulation.
Additional top priority anti-icing/de-icing concepts were
identified for further feasibility study. These concepts are
lasers, infrared heaters, and a two-phase chemical pellet system.
The 6.2 wori: for the lasers and infrared heaters has been
concluded. The evaluation of the two-phase chemical pellet
system is cortinuing.

2. Enclosure (i) presents the results of the feasibility
evaluation for laser and infrared heating technology for the
UNREP anti-icing/de-icing application. It was concluded that
laser de-icing is physically and technically feasible, but is not
practical. Design constraints incorporated due to safety
requirements limit the de-icing capability of the laser system.
In addition, a laser de-icing system would be cost prohibitive
and is not recommended for shipboard use. 1In comparison, a water
lance system would provide superior de-icing capability with
fewer safety and operational concerns at a reduced cost.

3. It was also concluded that infrared heating technology is
feasible and is very well suited for the UNREP application. The
primary mode of operation would be anti-icing UNREP deck working
areas with additional benefits of personnel warming and de-icing
if needed. Infrared heaters are appropriate for retrofit where
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an anti-icing capability is required on existing ships and may
also be incorporated into new ship designs. A heating load of
approximately 150 watts/ft is required to maintain an ice-free
deck under the design conditions of -20°F and 60 knot winds.
Electric powered infrared heaters can provide this anti-icing
capability at mounting heights of 8 feet. Under less extreme
conditions, anti-icing and personnel warming can be provided at
mounting heights over 12 feet.

4. Hardware for a prototype infrared heater anti-icing system
was sized and selected for a 20 x 5 foot deck area on a combatant
Fueling-At-Sea station. The system consists of six two-element
quartz lamp overhead mounted infrared heaters rated at 3000 watts
per element. A variable voltage power controller is included to
allow adjustable power levels. All hardware is available off-
the-shelf with a system cost of about $13,000.

5. It is strongly recommended chat this infrared heater anti-
icing system be demonstrated and evaluated in a shipboard test.
The upcoming Ship Icing Test provides an excellent testing
opportunity for demonstration of the system. DTRC will provide
follow-on test support of the infrared heater system if
requested. Test support should include development of test
plans, ship installation plans, hardware prccurement, shipboard
testing, and final test report.

6. Point of contact at DTRC is Joe Mackes, Code 1250, AUTOVON
281-2261 or Commercial (301)267-2261.
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resulting design constraints have a significant impact on the applicab
of the system, however. Based on a comparison with a high pressure water
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system, the laser system was determined to be economically
unpractical. The water lance was estimated to have greater capability
at a fraction of the cost without the operational and safety
complications of the laser system. In the case of the infrared
heating UNREP anti-icing and deicing system, the system continues to
have promise, preferably when used in the anti-icing mode and
primarily for retrofit applications, but possibly also for new
construction. A prototype demonstration system was designed for the
immediate work area of a surface combatant refueling station.
Recommendations are made for shipboard applications tests and
performance tests of the infrared anti-icing system.
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1. SUMMARY

The nation's Maritime Strategy requires that the U.S. Navy re
prepared to operate its surface ships at northern latitudes witn
more frequent exposure to extreme conditions of low temperature
and topside 1icing. The nature of these operations inc.udes
underway replenishment. The purpose of the first phase cf th.s
study was to conceptually identify solutions to low temperature
and icing problems associated with northern latitude cnderway
replenishment. Among the top priority candidate systems
identified for countering UNREP cold weather and icing prcblems
selected for possible further evaluation in the program were the
use of a laser gun for deicing; the use of infrared heaters fcr
anti-icing, deicing, and on-deck personnel heating; the use cf ses
calming oil, or storm oil, to moderate the local sea conditiocns
and reduce the amount of topside spray; the use of electric
contact heaters, or strip heaters, primarily for anti-ic:ing, anrd
secondarily for deicing; the use of flexible waterprcof tarpaulin-
type equipment covers for anti-icing; and the use of heat guns frr

deicing. Of these top priority systems, the laser and infrared
systems were selected for further feasibility assessment :n his
second phase of the program. This report summarizes the wcrk

performed in the second phase of the program.

The objectives of this phase cf the program were %o evaluate
the feasibility of applying laser technology to UNREP deicing, and
to evaluate the feasibility of applying {infrared heastin
technology to UNREP anti-icing and deicing. The intent of the
program was to definitely establish the shipboard practica.ity or
non-practicality of the two systems.

For both the laser and infrared systems, the general approach
to assessing feasibility was to develop performance estimates of
deicing and anti-icing, assess personnel and other safety hazards
associated with the use of the equipment, and i{dentify candidate
applications for the systems If the systems continued to look
promising for this application, prototype hardware would be
selected, and a test cutline developed for use {n the further
evaluation of the systems. Due to the significant differences in
the level of development and application of laser technology and
infrared heating technology, the feasibility assessment of the
laser deicing system was anticipated to be more oriented toward an
analytical approach based on engineering fundamentals, while the
assessment of the infrared anti-icing and deicing system was
anticipated to be more applications engineering oriented.

1.1 Laser Deicing

Lasers are generally classified into four groups, gas, solid-
state, semiconductor, and liquid. Within each of these families
there can be differences in the method of excitation, wavelength,
output power, type of transition, and output pulse
characteristics.
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Four specific types of lasers were considered fcr pocssible use
as an UNREP deicing system. in order of increasing wavelength
from visible red to near infrared, these lasers are designated as
helium-neon, ruby, neodymium-glass or neodymium-YAG, and carbon
dioxide. The first and last are gas lasers, while the others are
solid-state lasers. Semiconductor lasers were not considered to
be appropriate candidates for the deiciung application because of
their low power output and wide beam divergence. Liquid lasers
were judged inappropriate because they do not possess the
mechanical durability, ease of operation, and ease of maintenance
required for shipboard use. Of the four types investigated in
some detail in this study, the helium-neon laser, which operates
in the visible portion of the spectrum, does not produce enough

output power to be useful {n deicing. The ruby laser also
operates in the visible spectrum, and can produce high output
power levels. In recent years, however, ruby lasers have lost

favor to neodymium lasers, which have a higher efficiency and a
faster pulse repetition rate. This, combined with the fact that
saline ice readily absorbs infrared radiation while reflecting a
good portion of the radiation in the visible portion of the
spectrum, leads to the conclusion that infrared lasers are better
suited to the UNREP deicing task.

Both the neodymium and the carbon dioxide lasers operate in the
infrared portion of the spectrum, and are readily available in a
range of commercial power levels. Of these two laser types, the
neodymium laser was selected for further consideration because
fiber optic cables can be used as a beam delivery system with
neodymium lasers while they cannot be used with carbon dioxide
lasers, and because the greater durability of the neodymium laser
over the carbon dioxide laser was considered to be of major
importai.ce in the shipboard application. The neodymium laser
operating at a wavelength of 1.06 um was therefore selected as the
most appropriate laser for use in the UNREP deicing application.
Relative to all of the laser systems available, neodymium lasers
are durxable lasgers, require little maintenance, use simple fresh
water cooling systems, requilre no cryogenic materials, are
commercially available in a broad range of power levels including
high power models used for the welding of metals, are compatible
with fiber optic delivery systems, anu produce infrared radiaticn
which is readily absorbed by ice.

There are many safety issues associated with the shipboard
application of lasers to deicing. These issues include the effect
of laser radiation on the eyes, the effect of laser radiation on
the skin, the danger of electrical shock, the danger of contact
with cryogenic materials, noise, fire, and explosion. The most
controversial hazard by far has been radiation damage to the eye,
since even moderately high radiation intensities can result in
irreversible ocular injuries. The federal government has grouped
all 1lasers into four broad categories for safety purposes,
depending on their radiation emission levels and the relative
hazard to personal safety. The neodymium laser, and any laser of




sufficient power to be useful in deicing, is in Class 4, the
hichest, or most potentially hazardous, class.

The best protection against laser radiation is the erection of
shields and enclosures between the operator and the laser beam
path. This form of protection has proven to be more effective
than the use of protective eye goggles from the standpoint of eye
safety because there is a common reluctance on the part of laser
users to wear the protective goggles. In the case of the UNREP
deicing situation, however, since the deicing laser, or the
fiberoptic beam delivery system, 1is required to be portable,
permanent shielding is not practical, and eye protection must be
provided by protective eyewear. Such protective eyewear should be
selected to afford the wearer with protection against the maximum
anticipated exposure while still allowing the largest amount of
visible light to enter the eye. The guidelines suggested for the
maximum permissible exposure (MPE) for radiation entering the eye
varies with the wavelength of the incident radiation, and its
intensity and duration. Protective eyewear is available having
the capability to attenuate the incoming laser radiation to the
MPE level. Personnel safety considerations related to both eye
protection and skin protection have a major impact on the design
of a laser deicing system. The remaining hazards mentioned above
can be minimized through proper selection of laser type for the
application, and the establishment of an active laser safety and
training program under the direction of a designated laser safety
officer inccrporating routine medical surveillance.

Two approaches were investigated for using lasers for shipboard
deicing. One approach involves melting the ice with heat supplied
with a high-power 1laser through a moderate intensity beam of
light. The second approach is to use a focused high intensity
beam from a low-power laser to produce mechanical chipping and
shattering of the ice. This approach relies on the phenomenon of
a normally transparent material becoming an absorbing material
once the incident laser radiation increases above some threshold
intensity. It is important to emphasize that in both cases the
objective 1s not to melt or shatter all of the ice, rather the
approach is to melt or cut grooves in the ice leaving slabs of ice
of a few square feet in area that could then be pried off manually
in the traditional manner. In application, therefore, the use of
a laser deicing system would parallel the use of a steam lance or
high pressure water lance deicing system which would also be used
primarily to slot the ice such that the ice can then be removed
from the surface in slabs.

The deicing by melting laser system postulated a typical high-
powered neodymium laser similar to the types commercially

available for manufacturing processes. The laser beam was sized
to melt the ice as quickly as possible without causing damage to
the underlying painted surface. The laser was estimated to be

capable of melting a groove through glaze ice at a rate of about 1
cm?2/sec, so a 1 cm deep slot could be made with the laser beam
scanning at a rate of 1 cm/sec (0.4 in/sec). For the deicing by




shattering laser system, a much smaller powered neodymium laser
can be used with focused intensities of light on the order of 1(8
to 10° W/cm? to produce fractures 0.1 to 2 cm long in the ice. 1Ice
removal was projected to occur at a rate of 2 cm/sec for grooves
up to 2 cm in depth, or a performance level of about twice the
beam velocity of the melting laser system. At this point in the
study, the deicing by shattering laser system looks most
promising, however, neither the requirements for personnel safety
nor the cost of such a system have as yet been considered.

Both of the neodymium lasers discussed above are classified as
Class 4 laser3, presenting definite safety hazards for personnel.
These lasers present a hazard not only from direct or specular
reflections, but also from diffuse reflections. One approach to
the selection of eye protection is to match the skin maximum
permissible exposure (MPE), and the ocular MPE limit with eye
protection. The next step is to determine safe working ranges, or
the nominal hazard distance (NHD), for the laser operator and for
people working in the vicinity of the laser. For the high powered
deicing by melting laser, the output power intensity and the
estimated reflected power intensity are well above the skin MPE
limit. One possible approach for solving this problem is to
introduce a large divergence to the 1laser beam through the
placement of a convex lens as the exiting optics at the end of the
fiber optic delivery tube. The operator then directs the laser
beam exactly where needed with a hand held tube which contains the
optics. This design feature, required for personnel safety,
unfortunately eliminates the usefulness of the laser for anything
other than melting ice in very close proximity. For example, an
operator could not stand on the deck and lase the ice off of a
remote boom. The laser beam has enough intensity at the exit of
the hand held tube to melt ice at that point, but beyond that
point the beam diverges rapidly in order to reduce the beam
intensity for personnel safety. In the case of the deicing by
shattering laser system, the severity of the problem is somewhat
less, but a similar beam divergence system is also required for
personnel safety. These considerations do not, however, totally
eliminate the safety concerns associated with the use of laser
deicing systems. Safety hazards remain even with the diverging
beam systems, however, the hazard zone is defined, and should be
controllable., 1In terms of defining the hazard zone, the NHD for
people without eye protection is about 27 feet for the deicing by
melting system, and 13.5 feet for the deicing by shattering
system. With proper training, a laser deicing system is judged to
be no more dangerous than an operating chain saw. It would also
be required to install a deadman's switch on the hand held tube
that would automatically shut down the beam if the operator were
to slip and fall on the icy deck.

A search of manufacturers of lasers revealed the availability
of a wide assortment of lcw powered lasers typically used for
medical applications and in the manufacturing of electrical
components, and a wide assortment of high powered lasers typically
used in heavy manufacturing for cutting, welding, and drilling
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hcles in metals. The selection of middle range lasers is
relatively limited, apparently because of the limited number of
applications for such systems. Three commercially available

neodymium lasers potentially suitable for use in aeicing by
shattering systems were identified. Unforturately, the purchase
price of the lasers alone ranges from $42,000 to $67,500. A fiber
optic coupling and a suitable length of fiber optic cable was
estimated to add about $10,000 more to the cost of a system. The
total cost of a laser deicing by shattering system was therefore
estimated to be in the range of $60,000 to $70,000. 1In order to
put this cost into some sort of perspective, the laser system was
roughly compared with the performance and cost of a portable high
pressure water Jjet system, Although a direct performance
comparison was not possible, the conclusion was made that a
deicing water jet is capable of removing much larger quantities of
icing material because of its ability to direct the stream at the
interface between the ice and the underlying surface, thus
removing substantial sections of ice in slabs. In terms of cost,
commercial units having the proper output pressure and capacity
are available for about $5,000 to $10,000, with the more rugged
units suitable for shipboard applications at the upper end of the
price range. It was therefore concluded that a portable high
pressure water lance would 1likely provide superior deicing
performance, with far fewer safety and operational concerns, at
about 10% to 20% of the cost of a laser deicing system. It was
therefore recommended that no further assessment of the laser
deicing system be undertaken.

This study of the use of lasers for removing accreted topside
ice from shipboard UNREP stations therefore results in the
following conclusions:

1. Lasers can be used as deicing tools to make grooves in
accreted ice, such that slabs of the ice can be subsequently pried
off the surface, either by melting slots in the ice or by
shattering slots through the ice. Design 1limitations which
significantly impact the performance of the system are imposed due
to the requirement to remove ice without damaging the underlying
painted steel or aluminum surface. This analysis indicates that
the shattering mode offers the promise of higher performance
levels than the melting mode.

2. Laser deicing systems can be engineered to minimize the
risk of damage to personnel and objects through the incorporation
of optics which provide a rapidly diverging beam, but, again, with
some significant penalty in the applicability or usefulness of the
system. Even with design features dedicated to the safety of the
system, - significant training effort would be required to assure
that the laser deicing system would be operated at an acceptable
level of safety.

3. The cost of a laser deicing system, including a fiber optic
cable beam delivery system, was estimated to be in the range of
$60,000 to $70,000.




4. On the basis of a rough comparison with a high pressure
water lance deicing system, it was estimated that the water lance
system would deliver superior deicing performance with
substantially fewer safety and operational concerns at about 10%
to 20% of the cost of a laser deicing system. Some of the
anticipated operational advantages of the laser system, such as
the ability to remove accreted ice from booms, masts, and lines at
great distances with the laser beam, had to be designed out of the
system for safety reasons. Other advantages, such as the ability
to remove ice without the use of steam or water which have the
potential of adding to the icing problem, remain, but are of
relatively minor importance in view of the cost and operational
complications of the system.

5. It is therefore recommended that laser deicing systems be
dropped from further consideration at the present time. If at
some future time lasers are considered for use on ships for other
purposes, such as for the removal of paint, their use for deicing
should again be considered as a supplementary application.

1.2 Infrared Heating Anti-icing and Deicing

Heat is transferred by three different mechanisms, conduction,
convection, and radiation. The uniqueness of radiation heat
transfer is that heat is transferred directly from the source to
the receiver without the necessity of heating some intermediate
body or fluid, that 1is, the medium through which the heat flo
takes place does not become heated. Infrared radiation, beinc
part of the electromagnetic spectrum of radiation, is the same
type of wave motion as are radio waves, x-rays, and light waves,
differing only in the wavelength. Radiant energy is governed by
the same laws of geometric optics as light in that it travels in
straight lines, obeys the laws of reflection, suffers refraction,
and may be polarized. Two of the key characteristics of infrared
radiant heat transfer are that the energy provided by an infrared
heater varies as the fourth power of the emitter temperature, and
that the infrared energy diffuses as a function of the square of
the distance as it travels outward from a point heat source. The
result of such diffusion of the radiant energy is that the energy
intensity or density varies inversely as the square of the
distance from the point heat source.

For the purposes of evaluating the applicability of infrared
heating to the anti-icing of shipboard UNREP stations, a rather
severe but Jjustifiable design condition was established of
maintaining a deck and equipment surface temperature of 35°F in an
ambient temperature of -20°F and a relative wind of 60 knots. The
relative wind of 60 knots results from the worst case of combining
a true wind of 40 knots and a ship speed of 20 knots into the
wind. The objective of the heating system is to keep the deck and
equipment warm enough so as to prevent the freezing of sea spray




and atmospheric precipitation on the deck and equipment. In the
anti-icing scenario, the system is energized throughout the icing
event, thereby preventing the formation of ice. In the deicing
scenario, the system is not energized until after the icing event,
at which point the heating load can be the same as that associated
with the anti-icing scenario, plus the additional load associated
with both raising the temperature of the ice to the melting point,
and melting the ice. The heating requirement for anti-icing is to
provide a power density at the deck in the range of 150 to 200
Watts/ft?, in the mixed units conventionally used in the industry.
The deicing capabilities of such a system, for a zero heat loss
case of all of the heat going into warming the ice to the melting
point and melting the ice, with no heat lost to the cold wind, are
to melt 3. inches of ice in about 4.6 hours and 5 inches of ice in
about 7.6 hours. Such deicing rates, even with the substantial
reduction that would be associated with a significant heat loss,
appear reasonable. Because of the time required to deice, anti-
icing would be the preferred operational approach, while deicing
with the heaters remains a fairly practical alternative,

Infrared heaters can be oil-fired, gas-fired, or electrically
powered. The 150 to 200 Watts/ft? power level required at the deck
is quite high, and pushes the upper limits of the capacity of
infrared heaters. In general, the output capacities of electrical
units are greater than those of gas-fired and oil-fired units,
therefore, the selection of heater type is directed toward
electrical heaters on the basis of capacity alone. In addition,
gas-fired units can be eliminated from consideration since propane
is not allowed on Navy surface ships for safety reasons. In
addition to having capacity limitations, oil-fired units would
require the installation of a much more complex and costly fuel
distribution system. For all practical purposes, the electrical
capacity is generally available, and the distribution system is in
place. Of the various types of electrical infrared heaters, the
quartz tube type, consisting of a coiled tungston element housed
in an inert gas filled and sealed quartz rod envelope is most
appropriate for the anti-icing application. This type of infrared
heater has the highest emitter temperature of 4050°F, the highest
radiant efficiency, and excellent resistance to thermal shock,
wind, and moisture.

A search for manufacturers of infrared heating equipment
revealed that the manufacturers can be grouped into two
categories, those serving process heating needs, such as print
drying and curing coatings onto various substrates, and those
serving space heating needs. In prozess heating applications,
infrared heaters are generally used in very close proximity to the
heated material, typically measured in inches. The reaction of
process heating equipment manufacturers to the requirement for
mounting the heaters some 8 to 50 feet away from the surface to be
heated was generally one of panic. The greatest interest in this
application was therefore shown by the space heating equipment
manufacturers. The manufacturer displaying the most capability
and demonstrating the most interest was Fostoria Industries.




Fostoria has had considerable experience in the application of
infrared heaters to snow and ice control problems at bpuilding
entrances and parking garage ramps in severe northern climates.
These applications are as close as one can get to the shipboard
anti-icing applicaction. Shipboard anti~-icing systems can then be
designed on the basis of Fostoria's snow and ice control design
guidelines, <coupled with a consideration of the likely
justification for the guidelines on the basis of a knowledge of
the fundamental principles of radiant heat transfer.

Several concerns related to the safety of using infrared
heaters for shipboard azanti-icing and deilcing were raised in the
concept development phase of the study. Concerns cof a radiation
hazard to personnel were without justification. Concerns zhat the
heating element might shatter when hit with cold sea spray were
also found to be without justification. The quartz lamp heating
elements can withstand being sprayed with ice water when cperating
at full capacity without shattering. Concerns related to tlre
possible degradation of performance due to sea spray deposits on
the heater and reflector were also rejected by the manufacturers
on the basis that the deposits would melt or vaporize off.
Concerns related to the corrosion resistance of the heater
fixtures resulted in the recommendation that stainless steel
fixtures be used. These are commonly used in swimming pool
applications. Concerns related to the possibility of the
overheating of personnel if personnel were working on deck while
the heaters are energized can be handled by including a variable
output SCR control system for the infrared heaters. The one major
concern that could not be satisfactorily resolved is the concern
of an explosion hazard due to the presence of fuel fumes in the
atmosphere surrounding the envelope of the high temperature
heating elements. The nearly unanimous informal opinion is that
this should not be a problem in the open exposed deck application,
however, because of liability concerns no one was willing to offer
a formal opinion without thoroughly evaluating the situation.
Before a prototype system is operated in the presence of fuel
fumes, it is recommended that the system be submitted for a
Preliminary Systems Safety Review by NAVSEA 55X21, the Ship
Systems Safety Branch of the Damage Control and Safety Division of
the Naval Sea Systems Command. A prototype system can, of course,
be fully evaluated for anti-icing and deicing capability without
such a review with the firm restriction that the system not be
energized during refueling operations.

In terms of shipboard applications, it is generally agreed that
the applicability of infrared anti-icing heating systems would
primarily be to retrofit rather than new construction. This in no
way lessens the level of interest in the system, however, since
the first concern associated with expanded levels of northern
latitude operations 1is to significantly improve the capabilities
of the existing fleet. The more direct approach for anti-icing
heating in the case of new construction would be to mount
permanent contact heaters or strip heaters on the underside of the
deck. Depending on the results of prototype testing, however,




infrared anti-icing systems may be a stronger contender for use in
new construction in competition with contact heaters than was
initially apparent due to the fact that, even in the case of new
construction, the installation costs of an infrared system could
be substantially less, the weight could be substantially less, and
the infrared system provides equipment and personnel heating which
is not inherently provided by the contact heater system.

The scope of the UNREP icing countermeasure problem encompasses
virtually every ship in the fleet. Representative shipboard
applications of an infrared anti-icing heating system were
reviewed, and one specific application selected for the design of
a prototype system which can be field tested for further
evaluation of the system. The application selectea for
prototyping is an exposed but sheltered deck area (that is, there
is a deck overhead) in the immediate vicinity of a refueling
station, taken to be a deck area of about 20 feet long by 5 feet
wide. An infrared heating anti-icing system for this application
was designed which will provide a power density at the deck of
about 211 watts/ft?, essentially at the upper limit of the design
condition of 200 Watts/ft?. The system consists of six Fostoria
stainless steel fixtures containing twelve quartz lamp elements
rated at 3000 Watts each, mounted in red Vycor sleeves to reduce
the intensity of illumination. The fixtures are attached to the 8
foot high overhead, and are fitted with stainless steel wire grid
lamp guards. The heaters are controlled by an infinitely variable
SCR controller. The catalogue price of the system is $13,100.
The actual negotiated price of the hardware for a prototype system

should be significantly less. It 1s recommended that the
prototype system be purchased and installed on a ship scheduled
for a northern latitude deployment. The system can then be

further evaluated under field conditions, but should not be
activated during fueling operations until a System Safety Review
is completed. Recommendations are made 1in the report for tests
intended to answer questions related to the shipboard
applicability of the system, and for quantitative performance
testing in the case where an icing event is experienced, and in
the case in which no icing events are experienced.

This study of the use of infrared heaters for preventing the
formation of topside ice at shipboard UNREP stations, and for
removing accreted topside ice from shipboard UNREP stations,
therefore results in the following conclusions:

1. Infrared heating systems can be used to provide both anti-
icing and deicing capability at UNREP stations, with anti-icing
being the preferred mode of application. The system |is
particularly applicable to retrofit situations where an anti-icing
heating capability is required on existing ships. Depending on
the results of the recommended prototype performance tests,
infrared anti-icing systems could also compete favorably with, or
be used in conjunction with, underdeck~mounted strip heater anti-
icing systems in some applications on new construction. The major
limitation in the application of infrared heating systems for




anti-icing is that they must be mounted in relatively close
proximity to the surface being heated, making their application to
large expanses of open deck difficuilt.

2. The heating capacity required to maintain the deck and
equipment surfaces at an UNREP station at a temperature somewhat
above the freezing point of sea spray and atmospheric
precipitation under severe northern latitude conditions is quite
high, requiring the use of infrared heaters which have the highest
output capacity and the highest operating efficiency. For these
reasons, the type of infrared heater selected for UNREP anti-icing
is the electric quartz lamp type, fitted with red Vycor sleeves to
reduce the otherwise very high levels of illumination provided by
these heaters.

3. It is recommended that the infrared heating anti-icing
system be demonstrated and further evaluated through the shipboard
testing of a prototype system. The hardware for a prototype
infrared anti-icing system sized for a roughly 20 foot by 5 foot
immediate work area of a surface combatant refueling station has
been selected. The catalogue price of the hardware, including an
SCR controller which provides infinitely variable heater output
capability, 1is $13,100. The negotiated price of a prototype
system should be significantly less.

4. Completion of the shipboard applications tests and
performance tests recommended for the prototype system will
provide the additional information necessary for making a decision
as to the fleet-wide applicability of infrared heater UNREP anti-
icing systems.
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2. INTRODUCTION
2.1 Background

On the Dbasis of two 1983 Chief of Naval Operations
Instructions, S3470.5a entitled "U.S. Navy Policy Regarding Arctic
Polar Region” and S3470.6 entitled "U.S. Navy Arctic Warfare
Program", the U.S. Navy is preparing to operate its surface ships
in cold weather conditions at high latitudes on a routine basis in
support of the nation's Maritime Strategy. In addressing these
operating requirements, the U.S. Navy's David Taylor Research
Center established a Northern Latitude Logistic Support Task under
the Replenishment Project of the 6.2 Logistics Block, which is
funded by the Office of Naval Technology. The purpose of the task
is to develop a technology base to enhance the operability and
sustainability of Navy and merchant support ships in the resupply
of our combat forces with fuel, ordnance, and cargo when operating
under extreme northern latitude environmental conditions. The
areas of concern are Underway Replenishment (UNREP) and Logistics
Over-the-Shore (LOTS) operations. The major environmental threats
associated with high latitude operations are cold weather, or low
air temperature and low sea water temperature, topside icing,
floating ice, and heavy seas. Icing and low temperature problems
associated with UNREP operations have been identified as critical
problems, and have been selected as the focus for the current
efforts.

By way of further background, the U.S. Navy defines UNREP as a
transfer of liquid and/or solid cargo between two ships while
underway. This underway logistic support of a fleet unit allows
the unit to operate at sea for prolonged periods of time. Two
methods of transfer between the ships are employed, horizontal
transfer via connected replenishment rigs (CONREP), and vertical
transfer, or vertical replenishment (VERTREP), via helicopter. It
is further stated that the goal of an UNREP is the safe delivery
of the maximum amount of cargo in the minimum amount of time. An
UNREP should be accomplished in such a manner that it does not
interfere with the primary mission of the support force.

In the first phase of this program, completed in July 1988 (1],
the effort was directed towards the conceptual identification of
solutions to icing and low temperature problems associated with
northern latitude underway replenishment. In that study it was
determined that all of the work related to countering the
shipboard topside icing problem performed thus far indicates that
no universal solution to the problem exists, rather a combination
of approaches and techniques will be required to obtain a
satisfactory 1level of response. Several recently completed
studies identified what might be termed conventional approaches
for countering shipboard topside icing. The intent of the first
phase of the program was to use this prior work on conventional
approaches as a starting point for broadening the treatment of the
conventional approaches themselves, for expanding the range of
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possible approaches considered through the identification of
potential unconventional solutions, and for expanding the range of
possible approaches still further through the identification and
order-of-magnitude assessment of potential high-tech solutions.
The categories ¢f conventional, unconventional, and high-tech were
broadly conceptual in nature, and not at all rigidly defined for
the purposes of this study. A systematic brainstorming approach
was used in an effort to identify as many potential approaches for
response as possible. The final assessment of the most promising
approaches was based upon a consideration of all three categories
of response. While the emphasis of the study was on anti-icing
and deicing approaches, some consideration was also given to
protective work stations, UNREP-specific personal gear, and decx
traction.

Upon the completion of the brainstorming sessions, an initial
assessment and screening process was completed, the preferred
systems were identified in terms of specific type of application
as related to UNREP operations, and the systems were ranked in
order of preference,. The results, incorporating both the
conclusions of the study and the recommendation, for further work,
are presented in Table 1. As indicated in the table, the
approaches 1listed as conventional were Jjudged suitable for
immediate application. The approaches listed as unconventional
were recommended for further engineering evaluation. The level of
evaluation generally envisioned for the unconventional approaches
was of an applications engineering nature without the need for
additional research. The approaches 1listed wunder the
classification of high-tech were generally anticipated to require
a more research and development oriented process of further
engineering development and feasibility evaluation. The infrared
heaters were 3judged to be somewhat of an exception to this,
possibly only requiring the applications engineering approach,
since they represent well established technology currently
employed in somewhat similar applications.

As shown in the table, among the top priority candidate systems
identified for countering UNREP cold weather and icing problems
selected for further evaluation in the program are the use of a
laser gun for deicing; the use of infrared heaters for anti-icing,
deicing, and personnel heating; the use of sea calming oil, or
storm o0il, to moderate the local sea conditions and reduce the
amount of topside spray; the use of electric contact heaters
primarily for anti-icing, and secondarily for deicing; the use of
flexible waterproof tarpaulin-type equipment covers for anti-
icing; and the use of heat guns for deicing. Of these top
priority systems, the laser and infrared systems were selected for
further feasibility assessment in the second phase of the program.
This report summarizes the work performed in the second phase of
the program.
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Table 1
Preferred Systems for Countering
UNREP Low Temperature & Icing Problems

SYSTEM APPLICATION
Antl-icing Approaches
Conventional - For immediate Application
Electric Comact Heaters Hatches, doors, panel covers, freeing ports, deck work
areas, enclosed machinery
Waterproof Covers Deck machinery, limit switches, control panels
Low Friction Paints Bukheads, kingposts, M-frames, ram tensioners;

particularly inaccessibie areas
Water Flooding Deck work areas, but not during operations

Unconventional - For Further Engineering Evaluation

Bow Flare, Greater Freeboard, New construction - general spray control
Solid Buiwarks, & Side Flare
Sea Calming Oil General spray control
Lead Ship Sea Moderation General spray control - operational procedure
Mechanical Sail Mostly new construction - general spray control
Portable Physical Barriers Work station shielding
Air Curtain Local work station shielding
Heated Deck Mat Work station deck area
Warm Air Ventilation Exhaust Shieided work station area
Spray Collection Streamers General 'tween-ship spray control,

on phone/distance fine
High-Tech - For Further Development & Feasibility Evaluation

Infrared Heaters Work station area, machinery, personnel; not spray
heating

NOTE: Recommended systems are listed in prioritized order for each category (Conventional, Uncon-
ventional, High-Tech).
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Table 1 (Continued)
Preferred Systems for Countering
UNREP Low Temperature & Icing Problems

SYSTEM APPLICATION
Deicing Approaches
Conventional - For Immediate Application
Mechanical Removal Devices General application
(baseball bats, ax handtes,

pry bars, etc.)
Portable Heat Guns Spot application
Water Lance General application
Steam Lance General application
Contact Heaters General application, but better applied to anti-icing
Water Flooding Deck work areas, but not during operations

Unconventional - For Further Engineering Evaluation

Pneumatic Pulse Work station decks and bulkheads, equipment housings
Heated Deck Mat Work station deck areas, but better applied to anti-icing
Whip Sander/Needle Gun Very localized hang work

Electro-Expulsive Boot Inaccessible areas

High-Tech - For Further Development & Feasibllity Evaluation

Two-phase Chemical Pellet Deck work areas, very low storage/material requirement

Laser Gun Inaccessible areas, masts and stays, connecting lines,
decks

Infrared Heaters Work station area and machinery, but secondary to
anti-icing

Ultrasonics Accessibie surfaces and equipment

Panel Vibrator Work station deck areas

Highline Vibrator Highline
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2.2 Objectives

The objectives of this task are to evaluate the feasibility of
applying laser technology to UNREP deicing, and to evaluate the
feasibility of applying infrared heating technology to UNREP anti-
icing and deicing. The intent of the program is to definitely
establish the shipboard practicality or non-practicality of the
two systems.

2.3 Scope

For both the laser and the {(nfrared systems, the general
approach to assessing feasibility was to develop performance
estimates of deicing and anti-icing, assess personnel and other
safety hazards associated with the use of the equipment, identify
candidate applications for the systems, and if the system
continued to 1look promising, select prototype hardware for
testing, and, finally, to outline a test plan for use in further
evaluation of the system. Due to the significant differences in
the level of development and application of laser technology and
infrared heating technology, the feasibility assessment of the
laser deicing system was anticipated to be more oriented toward an
analytical approach based on engineering fundamentals, while the
assessment of the infrared heating anti-icing and deicing system
was anticipated to be more applications engineering oriented. For
example, in the case of the laser deicing system, the assessment
of the suitability of the various types of lasers for the deicing
application, and the development of laser deicing performance
estimates for different distances, deicing rates, and energy
levels could only be based on the use of fundamental scientific
and engineering analysis. In the case of the infrared heating
anti-icing and deicing system, the estimates of heating
requirements, infrared heating system performance, and
modifications to standard infrared heating systems for exposed
shipboard applications were of a more straightforward applications
engineering nature. It was further anticipated that if both
systems continued to be viewed as having promise at the end of
this study, the next step in the evaluation process would likely
be the conduct of laboratory feasibility tests for verification of
the performance projections in the case of the laser deicing
system, and shipboard field trials of a prototype installation in
the case of the infrared anti-icing and deicing system. Further
developmental work was therefore anticipated in the case of the
laser deicing system, while it was expected that the infrared
anti-icing and deicing system would be transitioned out of the
research phase and into applications assessments.

The next section of this report addresses the optical
properties of sea ice in general terms, since this information
applies to both the laser and the infrared heating portions of the
study. Following this, the work performed in the study related to
the laser system is presented. This work starts with a practical
summary of laser technology, addresses the safety concerns
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associated with laser deicing, summarizes the limited experience
reported on the use of lasers in ice, presents estimates of the
performance of a laser deicing system, addresses applications
issues, discusses hardware selection considerations, and presents
conclusions related to the use of lasers for shipboard deicing.
Suggestions are also given relative to any future testing of
lasers for this application.

The infrared anti-icing and deicing evaluation is then
addressed, also starting with a practical summary of the relevant
technology. Following this, experience in the use of infrared
heating for anti-icing and deicing is discussed, performance
estimates are developed, and safety concerns are investigated. An
applications analysis is then presented, followed by the selection
of hardware for a prototype shipboard system, and an outline of
field testing considerations. The conclusions and recommendations
of the study are then summarized in the final section of the
report.
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3. OPTICAL PROPERTIES OF SEA ICE

The application of either lasers or infrared heaters to the
problem of removing, or stopping the formation of, icing material
on a ship at sea through heating is really a radiation heat
transfer problem. As such, the capability of ice to absorb light
and other forms of electromagnetic radiation is a key element in
determining the feasibility of any radiation based deicing/anti-
icing method. High-power laser radiation has also been found to
cause damage to normally transparent materials, and to ice, but
much of the physical processes involved have yet to be understood.
Little is known directly about the optical properties of ice
formed during a topside icing event, but in the vast majority of
cases (89%), the icing material comes from ship generated ocean
spray [2]. Minor sources of shipboard icing include fresh water
spray, fog, rain, drizzle, and snow. Therefore, the optical
properties of topside spray ice should be somewhat similar to
those of young sea ice. Since the type of ice formed during a
topside icing event varies with wind velocity, temperature, sea
state, etc., and can appear as a clear, hard, homogeneocus glaze,
or a white, opaque, granular, soft rime [2, 3}, the optical
properties can also be expected to vary. This section outlines
what is known about the optical properties of sea ice, with
particular emphasis on the visible and near-infrared regions of
the spectrum.*

When radiation of a particular wavelength (e.g. light) 1is
incident upon a material which is perfectly transparent at that
wavelength, the radiation is split into two components; a
reflected portion and transmitted portion [(4]. Since the material
is transparent, none of the radiant energy is absorbed into the
material, and the reflectance, r, plus the transmittance, t,
totals 100%. If a material is opaque, on the cther hand, very
little, if any, of the incident radiation can pass through, and
the radiation is either reflected or absorbed. The non-reflected
portion of the radiation intensity, or 1irradiance, is
exponentially attenuated with depth into the material, and for a
homogeneous material can be described by

[(A2) = (1 -r(A)1g{r)-exp(-a(r)-2) (1)

where [g is the initial radiation intensity (W/m? or similar

dimensions), z is the depth, and a is the absorption or
attenuation coefficient. Quantities which are functions of the

wavelength are indicated by A.

* papproximate limits for this portion of the electromagnetic spectrum are:

Visible Light 400 nm - 780 nm

Near Infrared 780 nm - 10 pum

Far Infrared 10 um - 1 mm
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This explains why even opaque materials such as metals can
become partially transparent if thin enough (mirrored sunglasses,
for instance). The amount of radiation absorbed into the
material, and converted into heat, 1is equal to the incident
radiation intensity minus the reflected and transmitted
intensities.

Equation 1 emphasizes the wavelength dependance of the

absorption coefficient. In fact, the values associated with the
reflection, transmission, and absorption coefficients are all
wavelength dependent and vary from material to material. In

translucent materials, such as the earth's atmosphere or ice, a
fourth parameter is needed to describe the eventual distribution
of incident radiation. This 1s the scattering coefficient, s, and
when present, Equation 1 is modified as follows:

I(A2) = (1 = r(A)-1g(n)-exp(-[a(A)+s(A)]-2) (2)

Figure 1 shows a schematic representation for all four
processes occurring in a homogeneous layer. If the optical
properties vary with depth, the material can be divided into a
number of layers, and a series of equations 1like (1) or (2)
applied to each layer.

Measurements of the electro-optical properties of ice,
particularly sea ice, only began in earnest during the 1970's. It
quickly became apparent that the absorption coefficient of ice
versus wavelength could not be inferred from similar graphs for
bulk water. In addition, the absorption coefficient was found to
be heavily dependent upon salinity as small amounts of salt were
introduced into the ice [5, 6]. Some of the most extensive early
investigations involving sea ice were carried out by Grenfell and
co-workers ([7, 8, 9] with the reported results being primarily in
the visible 1light spectrum. Detailed results are reported by
Grenfell and Perovich ([10]) for the absorption coefficient in
bubble free pure polycrystalline ice hetween wavelengths of 400 nm
to 1400 nm which covers the visible and near-infrared spectrum.
This type of fresh water ice contained no bubbles and was filtered
to remove dust so that scattering was only possible at boundaries
between ice crystal grains. The absorption coefficients were
calculated assuming a purely absorbing media.

The latest work by Perovich and Grenfell [11), and Grenfell
[12] returns to sea ice with the development of a theoretical
model describing optical properties over the visible and near-
infrared range, and compares the predicted results to measured
data. The model takes into account physical properties of the ice
such as 1ice thickness, density, growth rate, and warming and
cooling, and considers ice below its eutectic point (about -21°C
for NaCl). Vapor bubble and brine inclusions are related to the
phvsical properties, since these tend to be the prime internal
scatterers in the visible light spectrum and give sea ice its
white opaque appearance.
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Grenfell (12] points out that the model is limited to a single
homogeneous layer of ice, thus the amount of measured data
available for comparison was severely reduced. The comparisons
appear to be in good agreement, however, and the constraint for a
single homogeneous layer does not affect application of the
results to topside icing glaze ice or rime.

Most of the investigations of the optical properties of sea ice
are concerned with solar radiation striking floating ice sheets,
and hence, the ratic of the amount of reflected electromagnetic
radiation from a body to the amount of incident radiation is

referred to as its albedo instead of reflectance. The total or
bulk albedo is related to the albedos for each wavelength through
oputk = J o<dA)-Tg(A) AN/ 1g(A) dA (3)

where the integration is over all wavelengths. Therefore, for the
case of monochromatic light from a laser, the bulk albedo is equal
to the spectral albedo at the laser's particular wavelength.

Because of the difficulty in separating the effects of
absorption and scattering in ice, the absorption and scattering
coefricients are usually combined into an "extinction"

coefficient, X. The bulk extinction coefficient at any depth into
the ice is determined in a manner similar to the bulk albedo:

Xpuik(2) = [ x(A)-1(N,2) dN/f 1(A,2) o (4)
where the intensity remaining at any given depth is
[(A2) = (1 - ox(A)-1g(A)-exp(-x(A)-2) (S)

Finally, the ratio of the amount of electromagnetic radiation
emerging from the bottom of the layer of ice to the amount of
incident radiation, or transmittance, is computed from

T(\,h) = I(A\h)/1g(N)

T(Ah) = (1 = «(A))-exp(-x(A)-h) (6)
where h is the thickness of the ice sheet.

The following set of three figures shows some of the results
for sea ice from Grenfell ([12]. Figure 2a gives the albedo versus
ice thickness for young sea ice. The only changes in albedo occur
in the visible light range, and show the transition from a gray-
black surface for thin ice to a gray-white highly reflective
surface characteristic of thicker ice. There is no change 1in
albedo 1in the infrared range with the amount of radiation
reflected being less than 10%. At the same time, the extinction
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coefficient (Figure 2b) increases dramatically with wavelength.
Grenfell points out that in the visible range, X is about two

orders of magnitude greater than that for pure ice or water, but
there is almost no change in the infrared portion of the spectrum.
This is because scattering from vapor bubble and brine inclusions
dominates over absorption for visible light. The characteristic
size associated with the scattering inclusions is appropriate for
causing diffraction and interference patterns with wavelengths in
the visible spectrum. However, the louger wavelengths of the
infrared radiation undergo less interference from the inclusions.
Hence, absorption dominates over scattering in the infrared.

Figures 3a & 3b show the effect of ice density on the albedo
and extinction coefficients. Again, the only real changes with
density occur in the visible light range. As the density of the
ice decreases, more and more vapor bubbles are trapped in the ice
causing greater scattering. Notice that at 470 nm, the albedo
doubles as the density is decreased giving a "whiter" appearance
to the ice. With reference to the types of ice found during
icing, glaze ice has a density of around 0.7 to 0.9 gm/cm3, and
hard rime from 0.1 to 0.6 gm/cm3 [2]. Soft rime ranges from 0.01
to 0.08 gm/cm?, but this type of ice is delicate in structure and
only loosely bonded. Thus, the optical properties of hard glaze
ice should be comparable to the denser "bubble-free" sea 1ice,
while hard rime can be expected to have an albedo of about 90% at
470 nm as indicated by the trend with density in Figure 3a. If
only radiation in the infrared region is considered, density has
very little effect on albedo and extinction.

Finally, Figures 4a & 4b show the variation of optical
properties with the growth rate of bubble free sea ice. Growth
rate affects the number of brine inclusions trapped in the
structure of the ice, and faster ice growth results in a greater
number of brine pockets. These brine pockets act as scattering
inclusions in the visible portion of the spectrum, and Figure 4a
shows an increase in albedo over this range as expected. Again,
there 1is no appreciable affect from growth rate on the optical
properties in the infrared.

The results presented so far for the optical properties of sea
ice combine the absorption coefficient and the scattering
coefficient into one parameter called the extinction coefficient

(X = a + s). Only the absorption coefficient can be used to

quantify the amount of the incident irradiance that is retained in
the ice and converted to thermal energy. Few attempts have been
made to measure the portion of the extinction coefficient
attributable to absorption as a function of wavelength. A new
experimental technique has recently been reported (1987) [13]), but
the complete results and their application to ice physics has yet
to be published. None the less, it is well know that scattering
is the predominant extinction mechanism in the visible 1light
spectrum, while absorption dominates in the infrared.
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Figure 2 - (a) Spectral albedos versus ice thickness for young sea ice. Salinity = 11
ppt., Vgr = 8 x 105 cnvsec, T = -2.8°C, p = 0.88 gm/cm3; () is plotted versus
wavelength (A) in nanometers. (b) Asymptotic extinction coefficient versus
wavelength for young sea ice. Ice parameters are the same as for Figure 2a. (12]
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4. LASER UNREP DEICING
4.1 Practical Summary of Laser Technology

A wide variety of different devices can be called lasers, but
they all use some physical process to produce "light amplification
by the stimulated emission of radiation."” This section will
review some of the processes and terminology common to all lasers,
and give a brief description of the general types of lasers. This
is followed by a more detailed discussion of several specific
types of lasers (He-Ne, Ruby, Neodymium, & CO,) that merit
consideration as candidates for future shipboard deicing
equipment. No attempt will be made here to give more than just
the highlights since detailed descriptions are readily available
elsewhere. While much has been written about lasers, the books
tend to fall into two camps; those which are introductions to
lasers and really too simple to be of any technical use, and those
devoted to the theory of quantum electronics (laser physics). Two
excellent sources intended to bridge this gap and provide
technical, practical information for scientists and engineers who
are non-laser specialists are given as References 14 and 15.

111 G T | Characteristics of |

Lasers are quantum mechanical devices that use the discrete
nature of energy and its interaction with matter to produce high-
intensity, non-divercent beams of coherent, monochromatic
electromagnetic radiation. (If you understand that last sentence,
please skip on to the next section.) Basically, to comprehend the
operation of a laser only a rudimentary understanding of the
interaction between 1light and matter 1is necessary. Laser
specilalists tend to use the term "light” to include ultraviolet
and infrared electromagnetic radiation as well as visible light.
Photons of light contain a specific amount of energy which is
easily related to the frequency of the light. The relationship is

E =hv (7)

where £ i1s the energy associated with the photon, h is Planck's

constant, and V is the frequency of the light. Thus, beams made up

of photons of different energies will appear to have different
wavelengths.

The atoms, molecules, or ions which make up the active laser
material, on the other hand, contain definite, descrete energy
levels. There are several ways this energy can be stored, but it
is customary to describe the process in terms of a simple atom.
The electrons bounded to the atom have well defined accessible
energy levels, and an electron changing from a higher to a lower
energy state emits the extra energy in the form of a photon. This
i3 described by
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E2"E1 = h-vy (8)

Likewise, if a photon contains just enough energy to move an
electron from a lower to a higher energy state, it can be absorbed
upon striking the atom,

Lasers use three basic types of transitions between energy
levels. The movements of electrons within an atom or molecule are
classified as electronic transitions. The energies associated
with this transition, as normally used in lasers, give light with
wavelengths in the ultraviolet, visible, and near-infrared. Other
wavelengths are possible, but these are less favorable for laser
action. The second type of transition possible is vibrational.
Atoms within a molecule can vibrate in several different degrees
of freedom, These modes are quantized giving discrete energy
levels, and a change from one state to another involves absorbing
or emitting light in the infrared range. Finally, quantized
rotational energy levels are possible with the rotation of a
molecule yielding light in the far-infrared.

Photons can be given off from an atom or molecule through
either stimulated or spontaneous emission. When a species (atoms
or molecules) is in an excited state, it will naturally decay into
a lower energy state and give off energy in the form of photons.
This is called spontaneous emission and the natural decay time is
a small fraction of a second. Stimulated emission, on the other
hand, occurs when a photon of the right energy level interacts
with an already excited atom or molecule. The photon can not be
absorbed and a second photon of the same energy is released. 1In
addition, the photons are in phase, and therefore coherent. If
enough of the species are in the excited energy state, and a few
photons are available to cause stimulated emission, then more
photons are released which cause more stimulated emission and more
photons. The resulting "cascade" of photons forms a coherent
monochromatic light.

Laser action relies on a cascade of photons through stimulated
emission. There must be a greater number of photons produced than
are absorbed into the active laser species. This means there must
be a larger population of excited atoms or molecules compared to
the lower energy level population in order for a net gain in
photons to take place. This situation seldom occurs in nature,
since spontaneous emission tends to return a species to the lowest
energy state possible. Lasers use some external means of
excitation to produce and maintain an excited population, such as
absorption of photons from other light sources, collisions between
electrons and the active medium, or chemical reactions. In
addition, species with relatively long spontaneous decay times
make better laser materials, since a greater population inversion
is possible.
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Once the generation of laser 1light 1is possible through
stimulated emission, it has to be amplified and directed. This is
frequently achieved in a resonant cavity that generates a
collimated beam. Simple cavities are made from two mirrors
positioned at opposite sides of the laser material. Spontaneous
emission generates a few photons, most of which are lost out the
sides of the cavity. Some, however, strike the mirror at one end
and are reflected back through the laser material generating more
photons through stimulated emission. The osclllation continues
and the number of coherent monochromatic photons increases with
each pass through the cavity as long as a population inversion is
maintained. Various mechanisms are used to release the beam of
light, such as using a partially transparent mirror at one end
which allows a known percentage of the light to escape.

Lasers can be operated in several different modes, with the
most common being continuous operation, pulsed operation, and Q-
switching. Continuous laser 1light can be produced if the
excitation process can sustain a net population inversion
sufficient for the active medium to lase through stimulated
emission. In many cases continuous operation is not possible
because a population inversion cannot be maintained above the
laser threshold, the high power needed for excitation has to be
collected and discharged intermittently, or heat build-up changes
the emission characteristics of the active medium or can cause
damage to the laser itself. In these situations, a pulsed
operation is used. Usually the pulse repetition rate can be
selected within operational limits, and this affects the energy
delivered per pulse and the peak power of the pulse. The average
power of a laser operated in the pulsed mode is the energy
delivered in one pulse divided by the cycle time. Q-switching is
a means of producing short, intense bursts of laser light. The
term "Q factor" is used to describe the energy gain or loss of the
system, and Q-switching modifies the gain in a laser cavity.
Initially, some energy is allowed to escape, keeping the laser
medium below the threshold of laser oscillation and building up
energy in the form of a higher than normal population inversion.
Then the energy loss 1is removed (high Q), and stimulated emission
occurs, producing a high intensity beam. Q-switching relies on
the ability of the active medium to store energy in its excited
state which requires a relatively 1long spontaneous emission
lifetime. Therefore, Q-switching is not possible with all lasers.

The classification of lasers into various categories proves to
be a useful means of describing how specific families of lasers
operate. Generally, four groups are used: gas, solid-state,
semiconductor, and liquid lasers. Within each of these families
there can be differences in the method of excitation, wavelength,
output ©powver, type of transition, and output pulse
characteristics.
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Gas Lasers: Gas lasers are many and varied, and are relatively
easy to produce. All that is needed is a sealed tube containing
the gas, mirrors at each end of the tube to contain the laser
oscillation, and some means to excite the gas into higher energy
states. Gas laser developers have the flexibility to alter the
proportions and pressure of the gas mixture with ease to find the
optimum operating condition for their apparatus. (This is much
easier than determining the best crystal structure to be used in a
solid-state laser.) Gas lasers really have to be subdivided into
the types of excitation used. The most common is electrical
discharge excitation. An electric current is passed through the
active medium, and the electrons transfer energy to the gas during
collisions. In some cases, an electron-beam particle accelerator
is used to fire high energy electrons into the gas. This
transfers energy quite quickly, but the apparatus is expensive and
bulky. Ion beams can also be used to excite the gas, but this
equipment is even more cumbersome. Optical pumping has been used
with gases that are strongly state-selective with closely spaced
energy levels. This method allows different laser wavelengths to
be selected, but the overall efficiency is very low.

One very special type of gas laser is the chemical laser.
Since chemical reactions can produce large amounts of energy,
extreme high power laser action 1is possible. A chemical laser
uses the reaction energy to produce a population of inverted,
excited species to generate the lasing action. One popular
reaction involves hydrogen and fluorine to produce HF molecules in
vibrationally excited states. Most chemical lasers produce
species which lase from transitions from infrared vibrational
states of diatomic molecules. One experimental chemical laser for
the military is reported to produce continuous powers of a couple
hundred kilowatts (14). Chemical lasers rely on high volume gas
flow through the optical cavity to produce 1light while the
reaction is in progress. Needless to say, large amounts of
cryogenic material are consumed with the process. A variation on
the chemical laser is the gas-dynamic 1laser. These use the
expansion of hot, high pressure gas into a vacuum to achieve a
population inversion in an excited species. Like the chemical
laser, rapid gas flow is essential since the population inversion
only lasts until equilibrium is achieved.

Solid-state Lasers: Solid-state lasers use a crystalline or glass
host material to hold impurities of about 1 percent. The material
is usually excited optically for an external light source to
produce a population inversion in the impurity. The rod 1is
typically mounted between two mirrors to provide the optical
feedback needed for laser action. One major advantage over most
gas lasers for the generation of high-power laser light is the
much higher density of excited laser species possible within the
solid host lattice. Solid-state lasers are versatile devices
which can emit light in either a pulsed or continuous mode, and
are generally more durable than gas lasers. As used in the laser
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world, the term solid-state does not include the semiconductor
lasers.

Semiconductor lLasers: These lasers, also called semiconductor
diode lasers, emit light throughout the infrared portion of the
spectrum, and sometimes just into the visible red. This type of
- laser is very similar to regular p-n junction diodes where free
electrons and "holes" move 1in opposite directions across the
junction. When the current flow ceases, the electrons and holes
recombine, and energy is released. Most of the energy is in the
form of heat, but in semiconductor lasers, light is emitted.
(Light emitting diodes, LED's, are related devices, but emit
incoherent 1light.) The active layer in a semiconductor diode
laser has polished, reflective sides to provide laser oscillation
and stimulated emission. Power output can range up to about 10
milliwatts in continuous or pulsed mode. In addition to the low
output power, semiconductor lasers have the disadvantage of large
beam divergence which can be as much as 40°. The primary use for
these lasers has been with "information handling” by providing the
coupling to fiber-optic communication networks, and has recently
expanded with the growth in popularity of compact-disc players.

Liquid Lasers: The only laser which fits in this category is the
tunable dye laser. This laser has found many applications in
scientific research because of its flexibility. A dye can be
selected which produces 1light over a continuum of specific
wavelengths. The typical wavelengths can be from the near-
ultraviolet to the near-infrared, but different dyes have to be
used in different ranges. The dye is a fluorescent organic
compound which is dissolved in a liquid solvent (usually not
water) and excited by intense lighting from another laser or a
flashlamp. Because of the complexity of the dye molecules, they
can absorb and emit light over a range of wavelengths using a wide
collection of electronic, vibrational, and rotational energy
states. Adjustable, and sometimes elaborate, optics are used to
select the desired wavelength. Another complexity is the dye
itself. This is the major consumable in dye lasers, and is
susceptible to thermal and photochemical degradation. However,
some dyes are capable of long lifetimes.
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+1.2 Description of Potantial | tor Deicing S

Four specific types of lasers were considered for possible use
with high-technology deicing systems. They are, in order of
increasing wavelength from visible red to the near-infrared:
Helium-Neon (He-Ne, 632.8 nm), Ruby (694.3 nm), Neodymium Glass or
Neodymium-YAG (1.06 Mum), and Carbon Dloxide (CO,, 10.6 Mm). The
He-Ne laser typically has very low output power, but was included
here because it is one of the most common lasers, and could be
used in conjunction with an infrared 1laser as a means of
visualizing and aiming the invisible infrared beam. The other
lasers are commercially available, and are in common use in
manufacturing and material processing. Semiconductor lasers were
not considered for deicing applications because of their low power
output and large beam divergence. In addition, the tunable dye
laser, and other lasers designed primarily for scientific research
or laser development, were not considered appropriate candidates
for deicing systems. Generally speaking, these lasers would not
possess the mechanical durability, ease of operation, and ease of
maintenance required for shipboard use.

4.1.2.a He-Ne Laser

This is the most common and inexpensive laser around. It is
frequently used in classrooms and for laboratory demonstrations,
and can be found scanning packages at supermarket check-out
counters. He-Ne can be made to lase in the infrared part of the
spectrum, and quite recently, a weak green line is possible, but
the most common wavelength is at 632.8 nm in red visible 1light.
Since this is a gas laser, the density of the population inversion
is much less than that possible for lasers with a solid active
medium (about 102! He atoms/m?® compared to approximately 6-1025 Nd
atoms/m3 in a Nd:YAG laser). As a consequenre, higher power He-Ne
lasers of several meters in length are rare. The typical output
power for He-Ne lasers operating at 632.8 nm is a continuous beam
from a few tenths of a milliwatt to 60 mW. Output at other
wavelengths is less.

The active medium of helium and neon gases in the cavity is a
mixture with about five times more helium than neon. The
excitation of the gas is carried out by an electric current with
the anode and cathode at opposite ends of the tube shaped glass
cavity container. Only a few milliamperes are required to pass
through the gas in order to maintain a continuous beam, but an
initial voltage of around 10 kV is needed to start laser
operation. The electric current produces collisions between the
electrons and the helium and neon atoms. The energy transfer
which occurs during the collision raises the atoms to an excited
state with most of the collisions taking place with the more
numerous helium atoms.

- 30 -




Figure 5 shows the energy levels of both atoms. It can be seen
that the helium 2!S and 23S atomic states are quite close to the
energy levels of the neon atom's 3S and 2S states. Collisions now
take place between the excited helium atoms and the neon atoms,
While the energy levels between the two is not exact, most of the
energy transfer yields excited neon atoms with kinetic energy
accounting for the energy difference. The figure indicates the
various paths by which the neon atom returns to the ground state,
and the wavelengths that are important laser transitions. The
optics and operating conditions of the tube dictate the wavelength
of the light emitted.

The continuous output laser beam can be modulated
electronically up to 1 MHz. The lasers are generally not operated
in the pulsed mode. The beam diameter is usually around 1 mm, and
tends to increase with increased power levels. Beam divergence is
about 1 milliradian (mrad) and decreases with larger beam
diameters.

Most He-Ne lasers operate off of 110 Volt house current, with
220 V being an option. The overall efficiency is quite low, being
in the range of 0.01 to 0.1 percent. Operating temperatures can
be from -20°C to +50°C. The rated operating lifetime is typically
from 10,000 to 20,000 hours with a shelf life of 10 years.

Nearly all He-Ne laser tubes are completely sealed so that the
amount of gas escaping is almost nil, and contamination from water
vapor 1is insignificant. Therefore, no consumables are usually

considered as a part of He-Ne operation. They are largely
maintenance free, and can be manufactured with a high degree of
durability. In general, a complete laser can be anywhere from a

foot to about a yard in length, and weigh less than ten pounds.

Mass-produced He-Ne lasers cost from $100 for the lowest
powers, up to about $2,000 for lasers with powers over 10 mW. At
50 mW, the price can be over $10,000.
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4.1.2.b Ruby Laser

Ruby lasers were the first true lasers developed. They were
also the first lasers to be used in materials processing, but have
been largely replaced by other lasers, particularly Neodymium and
CO,. They are classified with the solid-state lasers. The active

medium is a synthetically grown sapphire crystal which has been
doped with a small quantity of chromium; the ruby rod. As the
crystal is grown from aluminum oxide (Al,0,), chromium (Cr) 1is

added, and since chromium and aluminum have the same number of
valence electrons, the aluminum can be replaced by the chromium at
some points in the crystal. The weight concentration of chromium
is only about 0.01 to 0.5 percent, which 1is around 10!% atoms per

cubic centimeter. This is what gives the rod its pink or red
color. The output beam is in the deep red with a wavelength of
694.3 nm.

Ruby rods typically range from an eighth of an inch to one inch
in diameter, and up to about 8 inches in length. The usual laser
cavity has a mirror at one end and a partially reflective mirror
at the opposite end. The light passing through the second mirror
is the laser output. The chromium atoms (actually Cr3*t ions) 1in
the ruby crystal are the source of the laser 1light. They are
excited by flash pumping; 1large bursts of incoherent 1light
directed on the ruby rod in order to transfer photon energy to the
Cr. Figure 6 shows several types of arrangements for coupling the
flash lamp to the rod. There are two cavities in this type of
system: the laser cavity consisting of the rod itself, and the
pump cavity surrounding the rod. The elliptical cavities shown in
the figure are more efficient because most of the pump light can
be focused upon the ruby rod. Lf cooling of the laser 1is
necessary, pure water flows through the pump cavity. One
disadvantage of ruby lasers is that the 1light at the laser
wavelength is strongly absorbed in the unpumped section of the
rod. Thus the whole rod must be illuminated as much as possible.
Figure 7 shows the energy states for the chromium ions. Pump
light with wavelengths of around 400 nm or 550 nm raises the
energy in the atoms to the 4T, or ‘T, level. Chromium rapidly
decays in about 100 nanoseconds to the 2E levels. These energy
levels are fairly stable with a spontaneous emission lifetime of
around 3 milliseconds. The 1long lifetime allows a population
inversion in preparation for stimulated emission. The lower
energy 694.3 nm transition dominates.
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All commercial ruby lasers are pulsed because of high flash
lamp pumping power requirements, but a wide variation of output
characteristics exists. With a pulse length of a millisecond,
output energy per pulse ranges from 50 to 100 J. The average
power is low because of a low pulse repetition rate of only a few
Hertz. A maximum average power of 100 W is possible, but careful
water cooling is required. Ruby lasers can be operated in a Q-
switched mode. This limits the pulse energy and decreases average
power, but can raise the peak energy per shot to the 100 MW range.
In general, the beam diameter for ruby lasers can range from 1 to
25 mm, with divergences from 0.25 to 7 mrad.

Most Ruby lasers operate off of 110 Volt house current, but
some use 220 V-ac. The overall efficiency is quite low, being in
the range of 0.1 to 1 percent. Some form of active cooling is
required for ruby lasers. This is usually accomplished by flowing
deionized water over the laser rod and flashlamp. Flashlamps must
be replaced after about 1 million shots, but because the pulse
repetition rate is low, this can be a long time. High power
lasers require a high degree of cleanliness, since dust and other
contaminates on the surface of the rod or optical components can
cause damage in the form of pitting to the surface. In some
cases, lenses are considered to be consumable for this reason.
Other consumables include water filters and deionizer cartridges
for closed-cycle lasers.

Ruby lasers are generally reliable when given the proper care.
Most of the damage to high power models stems from a lack of
cleanliness. With time, some realignment may be necessary between
the flash cavity and laser rod. Also, silvered mirror coatings
inside of flash cavities need occasional polishing to maintain
peak efficiency. Even though ruby rods are fairly short, high
power lasers sometimes use several rods to amplify the light in
stages. The laser head can be from 3 teo 7 feet long, and the
power supply and controls are typically contained in a console 4
to 5 feet high.

Commercial lasers cost from $14,000 up to about $200,000 for
the most specialized models. 1In many situations, such as military
range finders, ruby lasers are being replaced with Nd:YAG lasers
because of their higher efficiency and faster repetition rate.
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4.1.2.c Neodymium Laser

Neodymium lasers are very similar to Ruby lasers in that they
are both solid-state lasers. In fact, some manufacturers produce
combination Ruby/Neodymium lasers where the active medium, crystal
rod can be swapped out of the same optical cavity with only slight
modifications to the resonator optics. Neodymium. lasers are the
most common member of the family of solid-state lasers with many
diverse applications in both scientific research and industrial
materials processing. Their output can be in the continuocus mode
up to about 100 mW, or in the pulsed mode of many megawatts. The
wavelength of Neodymium lasers is in the near-infrared at around

1.06 pm.

The active medium for these lasers consists of tripled ionized
neodymium atoms imbedded at impurity-level concentrations, about
1% by weight, in a crystalline or glass material. This amounts to
approximately 1029 atoms per cubic centimeter. The most common
host material by far is yttrium aluminum garnet (YAG) which has
the chemical formula Y,;Al;0,,. The crystal growth of this material
is quite difficult, and Nd:YAG rods have a maximum length of about
10 cm, with a diameter of around 6 to 9 mm. Nd:YAG rods have the
most desirable optical, mechanical, and thermal properties found
to date. Other materials include yttrium lithium fluoride (YLF),
and yttrium aluminate with the chemical make up YAlO; (hence

referred to as YALO). Collectively, neodymium lasers made from
materials other than YAG are called Nd-glass lasers. They are
usually fabricated more easily and cheaply, and can receive higher
concentrations of impurities. However, thelr 1lower thermal
conductivity precludes continuous mode operations and lowers the
pulse repetition rate for pulsed mode models. Glass rods can be
up to 1 meter in length, with a diameter of several centimeters.

Neodymium lasers are excited by flash pumping or a continuous
light source, and use the same optical cavities as ruby lasers
(see Figure 6). Figure 8 shows a simplified energy level diagram
for Nd3* ions. While the excitation lamp source will tend to emit
light over a range of wavelengths, the neodymium ions absorb the
energy best at wavelengths of around 0.7 to 0.8 gm. Once excited,
the ions undergo a quick nonradiative decay to the metastable *F,,,
level where there is a population inversion between this and lower
energy states. Then stimulated emission can take place producing
the laser light. Because of size limitations inherent in Nd:YAG
rods and the natural decay lifetimes associated with the energy
levels, the amount of energy that can be stored in the rod at any
one time is limited to around 500 millijoules. This limitation is
overcome by arranging a series of rods in an "oscillator-
amplifier" configuration. The first rod 1is the regular laser
oscillator (active medium with mirrors at each end). The pulsed
beam from the oscillator is directed into a second optical cavity,
called an amplifier, which contains another Nd:YAG rod flashpumped
into an excited state with the necessary population inversion.
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There are no resonator mirrors at the ends of the second cavity
except to keep the light from being reflected backwards along its
path. The laser beam causes stimulated emission in the second
~avity resulting in a combined, amplified beam of light. Several
of these amplifiers can be lianked together in the higher power
neodymium lasers.

Neodymium lasers are very adaptable with many accessories
available to alter the output beam. Q-switched neodymium lasers
are quite common for increasing the peak pulse power. Non-linear
crystals are also used to change the output wavelength through
harmonic generation. Coherent light passing through one or more
of these crystals has its frequency increased by an integer
amount, resulting in fractional reductions in the fundamental
wavelength. The second, third, and fourth harmonics correspond to
wavelengths of 0.532, 0.335, and 0.226 Um in the wvisible and
ultraviolet portions of the spectrum. Output power is greatly
reduced by this process, however.

The nominal wavelength for neodymium lasers is 1.06 um, but
this can vary depending on the type of host material, weak energy
transitions near the main transition 1line, and harmonic
generation. The actual wavelength for the main line in Nd:YAG is
1.064 um. Higher power lasers usually cannot be operated in the
continuous mode. Beam diameter for Nd:YAG models is usually 1 to
10 mm. Glass lasers typically have larger diameters because of
thelr larger cross-section rod size. Beam divergence is a
fraction of a milliradian (mrad) to about 10 mrad.

Input power can come from regular single-phase 110 V-ac for
small neodymium lasers, and up to 220 V three-phase for high power
models. The overall efficiency is similar to Ruby lasers, and is
in the range of 0.1 to 1 percent. Low power, portable neodymium
lasers can operate with only conductive cooling (or resort to low
pulse repetition rates), but for larger lasers, tap water is used
for cooling. A typical, low power 1 W laser uses about a gallon
of tap water per minute, while a 400 W laser needs approximately
15 gallons per minute. The lifetime of neodymium lasers can be a
decade or more, with some components replaced as a part of a
regular maintenance schedule. Generally, the pump lamp needs
replacement most frequently, and has a lifetime of a few hundred
hours of operation for continuous output lamps, or every tens of
millions of shots for a flashlamp.

As with ruby lasers, neodymium lasers are generally reliable
when given the proper care. Most of the damage to high power
models stems from a lack of cleanliness. Dirt on exposed optical
surfaces can cause excess radiation absorption resulting in
damage. Periodically, some realignment may be necessary between
the flash cavity and laser rod. Also, silvered mirror coatings
inside of flash cavities need occasional polishing to maintain
peak efficiency. For small lasers, the entire unit can weigh
about 6 pounds, but for high power varieties, the laser head is
separate from the power supply and controls. In some cases, the
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laser head can be the size of a desktop, while the power supply
and cooling system fills a room.

Low power neodymium lasers can cost as little as $3000, but
prices iucrease gquickly with output power, accessories, and
performance requirements. A typical high power 1laser for
materials processing would cost about $200,000.

4.1.2d CO; Laser

Carbon Dioxide lasers are very versatile gas lasers much in use
for materials processing. The radiation emitted can range from 9
to 11 Um as a tunable line chosen by the user, but the strongest
wavelengths occur at 9.6 and 10.6 Um. These lasers alsc have a
wide range of continuous or pulsed output power levels from 1 W up
to many kilowatts.

The lasing transitions of the CO, laser come from energy levels
associated with the quantization of the vibrational and rotational
energy of the CO, molecule. As with the He-Ne laser, other gases
are present with the CO, active medium, usually nitrogen and
helium. The nitrogen molecules help excite the CO, molecules to an

asymmetric stretching mode in the same way that helium atoms
transfer energy to neon atoms through collisions in He-Ne lasers.
The high energy CO, molecules have two main decay paths. A

transition from the asymmetric stretching mode to the bending mode
produces a 9.6 um photon, while transition to the symmetric

stretching mode yields a 10.6 um photon. Changes in the
molecules' rotational states around these two transitions give
rise to families of laser lines. 1If helium gas is present with

the CO,, its purpose is to bring CO, molecules from the lower
energy states after lasing back to the ground state in order to
maintain a population inversion. Figure 9 shows a simplified
energy level diagram for carbon dioxide laser operation.

CO, lasers come in several different configurations with
slightly different methods for exciting the CO, gas molecules. The
first is the "sealed-tube" configuration which is much like the
He-Ne laser. The gas is contained in a closed tube with mirrors
at each end to form the laser cavity. An electrical current
passes through the tube from one end to the other to excite the
gas. Unfortunately, the electricity breaks down the CO, molecules
unless hydrogen or water is added to the gas mixture to cause CO,
regeneration. Output power from sealed-tube lasers is limited to
around the 100 W range because the process can only produce about
50 W per meter of tube length.
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Figure 9 - Simplified energy level diagram for the carbon dioxide laser. Each
vibrational level has many rotational levels associated with it. [15]
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"Axial flowing gas” lasers solve part of the CO, breakdown
problem by recirculating the gas along the length of the tube.
This increases power output to around 700 W/m of tube length, and
high power lasers are possible by doubling the tube back upon
itself several times. There is also a "transverse-flow" laser
which removes the excess heat and dissociation products more
efficiently. The gas moves sideways across the laser cavity, and
proper flow is important to output efficiency. Output power for
these lasers can reach 10.0 kW/m of active tube length, Some
systems identify wind tunnels as key components. Another high
power configuration is the "gas-dynamic" laser where hot gas is
forced to expand in a low pressure chamber after passing through a
nozzle, Rapid cooling of the gas causes a population inversion
over a short distance downstream of the nozzle. These lasers are
being investigated for military applications since output power
can reach 100 kW or more. Other types of configurations are
possible for special applications.

There is one major drawback inherent with CO, lasers. Most

optical materials, chiefly glass and quartz, are not transparent
around the 10 um wavelength of CO, operation. Materials have been

developed which are transparent in the infrared spectrum, but
these exotic materials also tend to be highly toxic or
hygroscopic; that is, they absorb water from the atmosphere and
slowly dissolve, Typically, these materials are not transparent
in the visible spectrum. Figure 10 shows a 1list of optical
materials and the windows over which they are suitably
transparent. One implication is that a CO, laser's 10.6 um
wavelength light can not be used with fiber-optic cables, while
Nd:YAG lasers (1.06 Mm) can. Metals tend to be highly reflective
at the CO, wavelength, and so optical mirrors are used instead of

lenses wherever possible. In medical applications, CO, laser beams

are passed down the center of a series of articulated metal tubes
with a mirror at each elbow.

CO, lasers can be operated in either the continuous or pulsed
mode, however the pulsed mode is quite common because of thermal
build up during operation. The wavelength for these lasers is
usually written as 10.6 um, but this should be considered a
nominal value. The principal spectrum lines occur at 9.6 and 10.6
pm, with many closely spaced rotational transitions superimposed
on the vibrational transitions yielding about 100 distinct

emission wavelengths. Optical diffraction gratings, or other
tuning elements can be used to select a particular wavelength, but
higher power is available if tuning is unnecessary. For the

sealed-tube and axial-flowing gas lasers, the Leam diameter can
range from 3 mm to 70 mm, and tends to increase with increased
power levels., Beam divergence is about 1 to 3 milliradian (mrad).
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Just as there are many configurations for CO, lasers, the power
requirements are Jjust as varied. Continuous wave flowing-gas
lasers use about 10 to 20 times their optical output power for
running vacuum pumps, ccoling equipment, and accessories as well
as the laser itself. Input power can come from regular single-
phase 110 V-ac up to 440 V three-phase. The efficiencies of CO,
lasers are quite good by laser standards, typically running
between 5 to 20 percent. Forced air cooling is used for smaller
lasers, while water cooling is necessary for the higher powered
models. The operating lifetime for sealed-tube lasers is a few
thousand hours before gas replacement, and is wusually not
specified for flowing gas lasers.

The main consumable for CO, lasers is the gas. For flowing-gas
models, continuous replenishment is necessary, with higher powered
lasers requiring proportionally more gas each hour,. Some
maintenance is also required for these lasers. 1In addition to gas
replacement, degraded optics and high voltage parts have to be
replaced, and vacuum pumps need occasional 1lubrication. In
general, these lasers are designed for use in a fixed location and
can not withstand extensive vibrations and shock, hence they are
probably not suitable for shipboard use. A few have been designed
for field use as military range finders, however.

As with their other characteristics, the pricing for CO, lasers
varies widely. The sealed-tube variety can range from $5,000 to
$35,000, while flowing-gas types go from about $20,000 to a cool
million. The more expensive models are built specifically for
materials processing and come with expensive options.,
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4.1.2.¢ Conclusion

Helium-Neon, Ruby, Neodymium, and Carbon Dioxide lasers were
discussed in greater detail in the preceding sections with an eye
towards selecting the most appropriate laser to consider for a
possible laser deicing system for surface ships. Some of the
pertinent characteristics of these lasers are summarized in Table
2. The summary table also notes various features or characteris-
tics which would be considered desirable for the UNREP deicing
application.

The He-Ne lasers (the first column of the table) do not produce
enough output power to be useful for deicing, but they are
relatively inexpensive and are frequently used to direct the
radiation of infrared lasers which is not visible to the human
eye. In addition, the wavelength is in the visible spectrum so a
large fraction of the radiation would be reflected off of an icy
surface. Therefore, it can be concluded that the He-Ne laser is
unsuitable for deicing except that it may still have a role as a
visible means of directing an infrared wavelength laser's beam.

Ruby lasers also operate in the visible spectrum and can
produce high output powers. However, in recent years they have
lost favor to neodymium lasers which have a higher efficiency and
a faster pulse repetition rate. This, combined with the fact that
saline ice readily absorbs infrared radiation and reflects a good
portion of visible light, suggests that infrared lasers would be
better suited to the UNREP deicing task.

Both the neodymium and CO, lasers operate in the infrared part
of the spectrum and are readily available in a range of power
levels through commercial sources. It turns out, however, that
fiber optic cable cannot be used by CO, lasers because common
optical materials, suitable for visible wavelengths, are opaque in
the far infrared portion of the spectrum. Fiber optic cablie is
readily used by neodymium lasers as a beam delivery system. All
CO, lasers require gas replenishment from time to time, but for
some higher-powered models, a constant supply of fresh gas is
needed. This i3 the only laser of the four types considered that
has a major consumable requirement, other than for electric power
and perhaps a water cooling system. In addition, CO, lasers
operate best at room temperatures, which may present a problem for
their use on shipboard. Finally, the greater durability of
neodymium lasers over CO, lasers leads to the conclusion that if

lasers are to be used for deicing at sea, neodymium lasers
operating at the 1.06 um wavelength are the way to go.
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Spectrum
Wavelength

Laser Type

Operating Modes

Pulse Repetition Rzte

Excitation Means

Beam Diameter

Beam Divergence

Fiber Optic Capability
Output Power Level
Output Energy/Pulse
Power Requirements
Efficiency

Approximate Cost

Durable

Operating Lifetime

Operating Temperature

Consumable Materials

Typical Usage

Table 2
Summary of Laser Characteristics for
Hellum-Neon, Ruby, Neodymium, and Carbon Dioxide Laser Types

He-Ne Ruby Nd CO,
Visible Visible Near-IR" IR"
632.8 nm 694.3 nm 1.06 pm* 10.6 um*

Gas Solid~State” |[Solid-State* Gas

CW Pulsed CW CW
Q-switched Pulsed Pulsed
Q~switched Q-switched
CW Modulated | Low, ~1 Hz' | 0 - 500 Hz 0 - 300 Hz
up to 1 MHz
Elec. Current] Flash Lamp |[Contin. Lamp Flec. Current
Flash Lamp

~1 mm 1 - 25 mm 1 - 10+ mm 3 - 70 mm
~1 mrad 0.25 - 7 mradj0.3 - 10 mrad{ 1 - 3 mrad

Yes™ Yes* Yes™ No'!
< 60 mw' < 100 W < 400 W* |400 - 800 W/m

< 100 J < 100 g < 100 J
110 - 220 v | 110 - 220 V | 110 - 220 Vv | 110 - 440 Vv
0.01 to 0.1% 0.1 to 1% 0.1 to 1% 5 to 20%
$100 $14K $3K $5K
up to $10K up to $200K | up to $200K | up to $100K
If Desired Yes* Yes* No'
20,000 hrs 1 Million 10 Million ew 1,000 hrs
Pulses Pulses for Gas
-20 to +50°C | Wide Range® | wide Range* | Room Temp.'
None MWater Cooling%ater Cooling Gas',
ater Cooling
Education, Holography, Materials Materials
Alignment, [Range Finders Procesaing*, Processing',
Medicine, Medicine, Medicine
Communication nge Finders

* Desirable feature or characteristic for UNREP deicing application.
! Undesirable feature or characteristic.
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4.2 Satety Concerns Assoclated with Laser Deicing

There are many safety hazards associated with the use of

lasers: laser radiation on the eyes or skin, electric shock,
contact with hazardous cryogenic materials, noise, and fires, just
to name a few of the most important. The most controversial

hazard by far has been radiation damage to the eye since even
moderately high radiation intensities can result in irreversible
ocular injuries. Radiation damage to human skin can also be
substantial, but this is usually given secondary consideration.
While the radiation hazard is perhaps the most critical safety
consideration, no known deaths have ever been caused by a laser
beam. The danger due to electric shock, however, has proven to be
far more deadly (14] and cannot be ignored.

Since safety and safety training are such important
considerations to the appropriate use of lasers, information on
the biological effects of laser radiation and associated laser
hazards is readily availabls and can be found in varying degrees
of depth depending upon need. The most complete reference book
detailing the medical hazards associated with lasers is by Sliney
and Wolbarsht [16], but there are several excellent handbooks
designed to be used by the designated "laser safety officer" (LSO)
of any laser equipped facility. (See for instance the "Laser
Safety Handbook" [17].) Finally, there are brochures and
pamphlets intended to be distributed by the LSO to laser operators
for safety ¢training (18, 19]. The U.S. Food and Drug
Administration has issued regulations for the performance
standards for laser products required to be met by all laser
manufacturers [20]. These regulations are intended to protect the
user by the elimination or containment of radiation which is not a
part of the direct laser beam, require warning labels and
instructions on the laser to alert the user to the level of the
emitted radiation hazard, and establish a classification system
for laser products based on their relative radiation hazard.
Additional voluntary standards for the safe use of lasers have
been issued by the American National Standards Institute (ANSI)
(21]. While the federal regulations are intended for
manufacturers in the production of safe and properly classified
laser products, the ANSI Standards apply to laser safety in the
workplace by providing a means to compute human exposure limits to
radiation from installed lasers.
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121 Radiation Saf

No discussion of laser safety hazards is complete without at
least a brief description of the human eye because potential eye
damage from radiation can occur to several different parts of the
eye structure depending upon which area absorbs the most radiant
energy per volume of tissue. A sketch of the eye is given in
Figure 11. The inner layer of the eyeball is called the retina
and contains the nerve cells for light perception. The macula of
the retina has a small region called the fovea which lies at the
focal point of the cornea-lens optical system. Because of the
focusing ability of the cornea-lens system, the intensity of
incoming 1light striking the fovea can be up to 100,000 times
greater than the intensity of light at the cornea. Needless to
say, since the magnitude of laser radiation intensity is so much
greater than normal light, this focusing effect can quickly result
in ocular injury.

Choroid
Sclera Retina

Ciliary Muscle\
Iris

Cornea /
Crystalhne

Pigment Epithelium

\\ Macula
. ‘ Fovea

Pupil
. \ \ ~ .
s ‘\ \ Optic Nerve
Aqueous \
Humor Fluid
Ciliary Muscle

Figure 11 - Schematic Diagram of the human eye. Parallei rays of light can be
focussed to a very small area on the retina when the eye is relaxed, i.e. focussed at

infinity. [17]
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Just as for other materials, the variocus tissues and fluids
contained in the eye absorb, reflect and transmit radiation
depending upon the incident wavelength. In the visible and near-
infrared (400 to 1,400 nm), 1light is transmitted through the
cornea, aqueous humor, crystalline lens, and vitreous humor, and
is absorbed by the retina and choroid. This is the retinal hazard
region. For wavelengths in the far-infrared from 1,400 nm to
1,900 nm, the cornea and aueous humor become almost total
absorbers, and above 1,900 nm, the cornea is the only absorber.
On the other side of the visible light spectrum, near-ultraviolet
radiation (315 to 400 nm) is mainly absorbed by the crystalline
lens with only a slight amount of radiation reaching the retina.
Figure 12 gives a summary of the various parts of the eye which
absorb radiation at different wavelengths along with a brief
description of the biological injuries possible. A graph of
absorption versus wavelength for the retina and choroid is shown
in Figure 13, and clearly shows the retinal hazard region.

Several mechanisms have been identified as contributing to
tissue damage from laser radiation. The principal form of damage
comes from thermal heat absorbed at the site. The better the
absorption properties of the tissue the greater the chance for
injury. Also, a larger irradiated area is more likely to suffer
injury than a smaller area because the surrounding tissue is less
able to conduct heat away. Thermal effects range from no effect,
to simple tissue reddening, steam generation, and charring.
Explosive tearing or ripping may even be possible when very high
radiation exposure levels occur. Photochemical effects are not
completely understood, but ultraviolet absorption by the corneal
epithelium may suffer damage from denaturization of proteins and
octher molecules. Acoustic transients are generated when laser
pulses striking tissues convert part of their energy into
mechanical compression (an acoustic wave) which is capable of
ripping or tearing tissue. Chronic exposure to radiation, such as
the link between ultraviolet radiation and certain skin cancers,
and eye damage are areas which require further study. The near-~
infrared radiation emitted from foundries and glass furnaces are
believed to be responsible for cataracts [171].

Radiation damage to skin 1s wusually considered to be of
secondary importance to the eye hazard because skin damage is more
readily repairable. However, with the increased use of higher
powered lasers and ultraviolet lasers, the chances for greater
degrees of damage deserves attention. Human skin is made up of
two major layers: the epidermis on top, and the dermis below.
The epidermis contains no blood vessels, but its lower layers have
some nerve endings. Also, the lower epidermis layers contain the
pigment called melanin which controls the skin color.
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Spectral
Region

Absorption
Area

Eye Schematic
Representation

Specific Biological Effects

Comments

Far-Infrared
(IR-B and IR-C)
(1.4-1000 um)

Short-Ultraviolet
(UV-B and UV-0)
(100-315 nm) -

Near-Ultraviolet
Uv-A)
(315-400 nm)

Light (400-700
nm)
Near-Infrared
(IR-A)
(700-1,400 nm)

Figure 12 - Summary of Specific Biological Effects on the Eye.
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e Minimal corneal lesion.

e Loss of transparency of
cornea or *‘glassworkers or
furnaceman’s” cataract.

® Increased irradiance can
cause more scrious dam-

e Excessive ultraviolet ex-

posure can produce:

- Redness

~Tears

—~Secretion of mucus
from the eyeball (con-
junctival discharge)

~ Peeling or stripping off
of the surface layer of
cells from the cornea or
connective tissue (stro-
mal haze).

o Damage to corncal epi-
thelium by photochem-
ical denaturization of
proteins or other mole-
cules (i.e., DNA, RNA,
ete.).

e Lens can flouresce.

® Very high doscs can
cause corneal and lentic-
ular opacities.

Mildest reaction may be
simple reddening.
o Minimal or threshoid
retinal lesion.
e Increased retinal irra-
diance can cause large
lesions, charring, hemor-
rhage, as well as gas for-
mation, disruption of the
retina and physical altera-
tion of the eye structure.

A minimal comeal lesion is 2
small white area solely on the
corneal epithelium, with the
surface neither swollen nor
elevated. [t appears within
10 minutes after exposure and
heals within 48 hours without
visible scars.

Damage to the corneat epi-
thelium is probably of photo-
chemical rather than theimal
origin.

A minimal retinal lesion is the
smallest visible change in the
retina viewed with an ophthal-
moscope. It occurs within a
full day after exposure and is a
small white patch (likely co-
agulation).

(17]
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Figure 13 - Spectral absorbed dose in retina and choroid relative to spectral corneal
exposure as a function of wavelength. [17]
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Figure 14 - Spectral reflectance of human skin. Dotted and dashed lines are data
from individuais having a very fair complexion and for individuals having heavily
pigmented skin. Spectral reflectance for skin in the ultraviolet and infrared regions is
shown by a solid line. [17]

- 5 -




Since skin is comprised largely of water it is relatively
transparent to most wavelengths of laser light up to the layer of
melanin pigmentation. The pigmentation is the principal absorber
of radiation in the skin. In addition, fair skinned people
reflect more light from their skin than dark skinned people.
This 1is shown over a range of wavelengths in Figure 14.
Therefore, persons with dark complexions are more prone to
radiation injuries. Absorption of high intensity radiation on the
skin results in damage ranging from elevated temperatures,
reddening of the skin (sun burn), blistering, charring, and
finally, actual burned-out portions of the body tissue. In
addition, some forms of ultravioclet radiation have been found to
accelerate skin aging, and are believed to cause several types of
skin cancers.

Just as for eye tissues, irradiation over a smaller area of
skin allows a greater portion of the absorbed heat to be conducted
away from the site than large area irradiation, so skin damage is
either less likely or less severe. For example, a CO; laser at the
10.6 um wavelength will give the sensation of warmth to human skin
at 0.1 W/cm? for a 1 cm diameter spot, however, it requires only
0.01 W/cm? over the entire body to provide the same degree of
warmth. For a similar example related to the eye, the threshold
for retinal injury during a moderate exposure duration is 1 kW/cm?

for a 20 pm spot, while only 1 to 10 W/cm? is needed for a 1000 jim
image [17].

The best protection against laser radiation is the erection of
shields and enclosures between the operator and the laser beam
path. This form of protection has proven to be more effective
than eye goggles from the standpoint of eye safety because there
is a common reluctance on the part of laser users to wear the
glasses. This attitude can be attributed to the lack of light
weight eyewear, reduced field of vision, and/or reduced ability to
see in the workplace due to the absorption of visible 1light. It
has been found that these situations can allow users to convince
themselves that their safety is improved by removing the
protection. 1In general, the application of lasers to the task of
deicing at sea would require the use of protective eyewear because
the deicing laser would be a portable device and not mounted
behind permanent shields.

Laser eye protection should be selected to afford the wearer
with protection against the maximum anticipated exposure while
still allowing the user the largest amount of light to enter the
eye, The maximum permissible exposure (MPE) suggested for
radiation entering the eye varies with the wavelength of the
incident radiation, and its intensity and duration. Properly
selected protective eyewear will attenuate the incoming laser
radiation to the MPE level. The quantity which describes the
amount of attenuation at a particular wavelength is called the
optical density (OD or DA) and is defined as the logarithm to the
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base ten of the reciprocal of the transmittance, and can be
computed from the ratio of the incident intensity to transmitted
intensity:

D, = logm(li/lt)= 'logjg(]/t)\) (9)

where T, is the transmittance. Therefore, the desired optical
density for the selection of proper eyewear is the minimum optical
density required to attenuate the maximum radiation intensity
expected down to the maximum permissible exposure (MPE) limit.

Dx = lOg1o(l,/MPE) (]0)

Appendix A gives a listing of some laser eye protection eyewear
currently available along with a partial listing of manufacturers
and suppliers. For each model of eye protection given, the
optical density 1is noted over a range of wavelengths. The
appendix also gives the daylight visible transmittance to provide
an indication of how much of the user's vision might be impaired
in the workplace,

Other factors to consider in the selection of proper eye
protection include: field of view, ventilation ports to prevent
fogging in goggles, effect on color vision, night wvision
transmittance, impact resistance, and availability of prescription
lenses or sufficient goggle frame size to permit wearing
eyeglasses inside the goggle.

122 Radiation E Limits for P |

The federal government has grouped all lasers into four broad
categories depending upon their radiation emission levels and
relative hazard to personnel safety [20]. This classification
system allows general safety regulations and precautions to be
promulgated in a simple manner to cover each class of laser. 1In
addition to the four classes, voluntary standards for the safe use
of lasers have been 1ssued by the American National Standards
Institute (ANSI) [21). The ANSI Standards establish limits on the
maximum permissible exposure (MPE) depending upon the radiation
wavelength, intensity and duration, and depending upon whether the
radiation strikes the skin or enters the eye.

The laser classification system uses four basic levels to
denote the relative hazard to personnel safety; the higher the
number, the greater the danger. The four categories and related
subcategories are as follows ([18]).
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Class 1 denotes exempt lasers or laser systems that cannot,
under normal operating conditions, produce a hazard.

Class 2a denotes low power visible lasers or laser systems
that are not intended for prolonged viewing, and under
normal operating conditions will not produce a hazard {if
viewed directly for periods not exceeding 1000 seconds.

Class 2 denotes low power visible lasers or laser systems
which, because of the normal human aversion responses, do
not normally present a hazard, but may present some
potential for hazard 1if viewed directly for extended
periods of time (like many conventional light sources).

Class 3a denotes lasers or laser systems that normally would
not produce a hazard if viewed for only momentary periods
with the unaided eye. They may present a hazard if
viewed using collecting optics.

Class 3b denotes lasers or laser systems that can produce a
hazard if viewed directly. This includes intrabeam
viewing of specular reflections. Except for the higher
power Class 3b lasers, this class laser will not produce
a hazardous diffuse reflection.

Class 4 denotes lasers or laser systems that can produce a
hazard not only from direct or specular reflections, but
also from a diffuse reflection. 1In addition, such lasers
may produce fire hazards and skin hazards.

For both continuous wave and pulsed mode lasers in the visible
and infrared portions of the spectrum, including the Nd:YAG
wavelength of 1.06 Mum, a time-averaged emitted power of greater
than 0.5 W is considered a Class 4 laser. As such, any laser with
sufficient power to be efficient for deicing will also be in the
Class 4 category.

The ANSI Standards (21] provide a criteria for exposure of the
eye and skin to laser radiation such that hazardous levels of
radiation are not exceeded. These recommended levels for the
maximum permissible exposure are based on the best information
currently available from experimental studies. Since the Nd:YAG
laser was determined to be the most appropriate laser for deicing
at sea, only the exposure limits pertinent to the 1.06 um infrared
wavelength will be noted here. Reference 21 should be consulted
for detailed information at other wavelengths. Considering the
case of skin exposure first, the maximum permissible exposure in
both the visible and near-infrared portions of the spectrum is
given as a function of exposure duration:
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MPE = 2:C,-1072 J/cm? for t

1079 to 10-7 sec

MPE = 1.1:C,-t0-25 J/cm? for t=10"7to 10 sec (1)
MPE = 0.2:Cy, w/cm? for t =10 to 3x10% sec
where Ca =1 for A = 0.400 to 0.700 um

(@)
>
"

102-:0(2-0.700)  for A = 0.700 to 1.050 um
S for A = 1.050 to 1.400 um

o
>
"

Therefore, for relatively long exposure times (greater than 10
seconds) the maximum permissible exposure would be 1 W/cm?. This

is the worst case situation, but it 1is probably the most
appropriate choice for a laser operator assigned the task of
deicing large regions of a ship's surface at an UNREP station.

For shorter durations, the MPE energy density in J/cm? for a single

laser pulse is used. This can be converted to intensity by
dividing by the pulse duration.

For direct ocular exposure, which includes viewing the laser
beam directly or by non-diffuse reflection, the maximum
permissible exposure for the near-infrared wavelengths is:

MPE = 5-1078 J/cm? for t =109 toSx107S sec
MPE = 9-t0-75-1G™3  J/cm? for t=5x107°to 103 sec (12)
MPE = 1.6-1073 w/cm? for t =103 to 3x10% sec

In this case, the most hazardous scenaric would yield an ocular
MPE of 1.6 mW/cm?. This is for an exposure duration of over 1000

seconds (17 minutes), however, which is akin to staring directly
into the laser beam. Therefore, a shorter exposure duration is
probably justified in determining the ocular MPE for a deicing
laser operator. Figure 15 gives a graphical representation of the
ocular MPE 1limits for the near-infrared and other 1laser
wavelengths, The ANSI Standards also consider other situations,
such as an extended emitting source where the eye aperture cannot
view the whole object and not all the radiation enters the eye
directly. This situation would occur when viewing a diffuse
reflection close up, and need not be considered for deicing
operations where the laser user is some distance away from the
reflected beam,
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Figure 15 - Ocular MPE for intrabeam viewing as a function of exposure duration
and wavelength. [21]
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The ocular MPE is combined with the selected laser's beam
characteristics through Equation 10 to determine the required
optical density of protective eyewear. The most likely hazardous
viewing scenario is used in determining the intensity of the laser
beam reaching the person's eyes. Figure 16 shows several
configurations for the laser beam path along with the related
equations for determining the range under which the MPE 1is
exceeded. ® is the total radiant power output of a continuous

wave laser, or the time-averaged radiant power of a repetitively
pulsed laser.

123 Other Safety Considerat

While personnel contact with the laser beam is the single most
important hazard associated with laser operation, there are
several other safety hazards that must be considered. Among these
are:

Electrical

Airborne contaminants

Cryogenic liquids

Noise

Ionizing Radiation

Non-laser beam optical radiation
Explosions

Fire

Electrical Electrical accidents stemming from the use of lasers
occur with greater frequency than eye and skin injuries from
direct and reflected laser beams. In fact, there have been
several documented cases of electrocutions in the United States.
The main factor influencing the degree of injury due to electric
shock 1is the current level, Other factors include the body
resistance, current pathway through the body, duration of electric
shock, voltage, current frequency, and phase of the heart beat.
With generally increasing levels of current through the body, the
victim can experience the following physiological effects: slight
tingling sensation at the threshold level of experience; pain and
muscle soreness possibly with temporary ringing in the ears and
flashes and spots before the eyes; muscle contractions from
alternating current (the victim may be unable to let-go of the
conductor ("frozen") at higher current levels); rapid increase in
blood pressure as a result of the strong muscle contractions;
stupor and/or collapse, unconsciousness; paralysis of the
breathing muscles; ventricular fibrilation (this can occur even
for moderate current levels); burns in the body tissues; severe
hemorrhages of the brain, nervous system and other organs; heart
standstill requiring artificial resuscitation within a few minutes
for survival; fatal damage to the central nervous system; and at
very high currents, rapid increase in the body temperature
resulting in almost instant death.
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Alrborne copntaminants Depending on the type of laser used and its
application, different types of airborne contaminants can be
hazardous if inhaled in quantity. The contaminating material can
come from the active laser medium, such as carbon dioxide and
carbon monoxide escaping from a gas laser or ozone produced by
flash lamps, or be produced as a result of some material
processing application. In the latter case, a metal target can
give rise to iron oxide fumes or paint fumes. The Occupational
Safety and Health Administration (OSHA) has issued some
regulations regarding the exposure level allowed for some common
laser generated airborne contaminants [22]. Airborne contaminants
should not present much of a problem on the deck of a windy ship.

Cryvogenic liquids Cryogenic liquids such as liquid nitrogen,
hydrogen or helium are used to cool some high powered lasers.
These lasers are generally found in research and development
laboratories. The hazards associated with cryogenic liquids are:
high pressure as the 1liquid expands rapidly into a gas;
flammability; burns to the body from contact; asphyxiation;
toxicity; and improper material usage such as storage containers
which turn brittle at low temperatures. In most cases, Nd:YAG
lasers use water for cooling.

Noise Discharging capacitors used in some high energy pulsed
lasers can generate hazardous noise levels.

Ionizing Radiation Power supply tubes which generate voltages in
excess of 15 kV can produce X-ray radiation. Most lasers use
voltages under 8,000 volts.

Nopn-laser beam optical radiation  Ultraviolet radiation is
possible from some optical flash lamps. Flash lamps are generally
contained within secure enclosures to prevent this from becoming a
hazard, however.

Explosions Explosions are possible from faulty flash lamps and
capacitor banks of high powered lasers. Any laser designed for
commercial use should be designed to prevent this from becoming a
hazard. Some target materials are known to explode when a laser
beam strikes them. For instance, a high power laser beam passing
through a glass window may cause the window to shatter.

Eire Laser related fires can be caused either from a faulty
electrical circuit in the power supply, or from heating a target
material with an intense beam until it bursts into combustion. A
concern here with a laser used for deicing would be starting fires
by playing the laser beam directly on painted surfaces,
combustible material, or fuel lines.
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As mentioned earlier, the federal government has grouped all
lasers into four broad categories depending upon their radiation
emission levels and relative hazard to personnel safety (20]. The
classification system allows general safety regulations and
precautions to be promulgated for each class of laser. The ANSI
Standards [21] incorporate and extend the safety procedures using
the same classification system. A key element for the safe use of
lasers in any organization is the establishment of a sound laser
safety program. Not only does this include an active laser safety
training program, but also designating a laser safety officer
(LSO) and ensuring that adequate medical surveillance takes place.
Guidelines for the organization of a laser safety program are
discussed in the Laser Safety Handbook (17]. Table 3 outlines the
safety control measures covered by ANSI for each laser class with
reference to where detailed information can be found in the
Standards.,




Table 3
Control Measures for the Four Laser Classes (21]

Controls Classification 1 2a 2 3a 3b | 4
Protective Housing (4.3.1) X X X X X X
Without Protective Housing (4.3.1.1) LSO shall establish Alternate Controls
Interlocks on Protective Housing (4.3.2) A A A X X X
E Service Access Panel (4.3.3) v v v v v X
N Key Switch Master (4.3.4) - - - - ] X
G Viewing Portals (4.3.5.1) - - Q a ] a
I Collecting Optics (4.3.5.2) — - o o a o
N Totally Open Beam Path (4.3.6.1) - - - - X X
E Limited Open Beam Path (4.3.6.2) - - - - X X
E Remote Interlock Connector (4.3.7) - - - - ° X
R Beam Stop or Attenuator (4.3.8) - - - L o X
I Activation Warning Systems (4.3.9) - - - - ° X
N Emission Delay (4.3.9.1) - - - - - °
G Class 3b Laser Controlled Area (4.3.10.1) - - - - X -
Class 4 Laser Controlled Area (4.3.10.2) - - - - - X
Laser Ouidoor Controls (4.3.11) - - - - X X
Temporary Laser Controlled Area® (4.3.12) v v v v - -
Remote Firing & Monitoring (4.3.13) — - - - - ]
Labels (4.3.14) - X X X X X
Area Posting (4.3.15) - - ° L X X
Administrative & Procedural Controls (4.4) - X X X X X
A Standard Operating Procedures (4.4.1) - - - - e X
D T
M Output Emission Limitations (4.4.2) - - - LSO Determination
I P
N R  Education and Training (4.4.3) - - . X X X
I 0]
S C  Authorized Personnel (4.4.4) - - - - X X
T & E
R D  Alignment Procedures (4.4.5) - - X X X X
A 8}
T R  Eye Protection (4.4.6) - - - - ] X
{ A
v L  Spectator Control (4.4.7) - - - - ] X
E
Service Personnel (4.4.8) v v X
Laser Demonstration (4.5.1) . - X X
Laser Fiber Optics (4.5.2) - - X X

LEGEND X - Shall, ® - Should, — No requirement, ¥ - Shall if Embedded Class 3b or Class 4, O - Shall if
MPE is exceeded, A - Shall if embeddsd Class 3a, Class 3b, Class 4, ®* During Service Only
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4.3 Experience in the Use of Lasers on Ice

While some information has been found on experience with the
use of high powered lasers on ice, no information could be located
on the routine use of these lasers for ice removal or melting.
Many other studies have been carried out on lasers in ice (most of
these have been mentioned or referred to in the section on Optical
Properties of Sea Ice), but the investigators generally used low
power lasers to observe the optical properties of ice in response
to a particular wavelength of radiation without the experimental
uncertainty introduced by melting ice.

One very interesting experiment was reported out by Clark, et
al. (23], in 1973. Their investigation concerned the feasibility
of using lasers to assist icebreakers by cutting a path ahead of
the icebreaker. They determined that melting a channel through
the ice in front of the ship as wide as the ship's beam took
unwarranted amounts of energy. Instead they concentrated on the
idea of cutting two slits in the ice separated by a distance equal
to the beam so that the ship could clear out a channel with
greatly reduced horsepower. In the laboratory a 50 W continuous
wave CO, laser operating in the 10.6 MUm infrared wavelength was

used to obtain performance measurements, The laser beam was
focussed to a power density of 500 W/cm? and played across the 0 °C
freshwater ice at different velocities. Measurements were taken
of the depth of cut, width of cut, and beam cutting velocity.
With the ice slab mounted vertically, the laser beam was able to
drill holes at a rate of about 1 cm/sec. For an ice sheet
translating through the laser beam at speeds from 0.3 cm/sec to
1.2 cm/sec, the product of the depth of cut times the cutting
velocity was close to a constant 0.4 cm?/sec. The average slot was
0.3 cm in width. Melting rate calculations performed after the
experiment revealed that about 80% of the beam's laser power was
absorbed by the ice. This is remarkably close to the results
presented in Section 3 which indicated approximately 90%
absorption in sea ice for radiation of this wavelength. The
increased absorption can be attributed to the increased salinity
of sea ice [6].

Clark, et al., also conducted experiments on horizontally
mounted ice sheets and found the cutting performance to be about
half as that achieved for the vertical case for a 0.5 cm cut if
the water formed was allowed to collect in the slot. The
performance became even worse for deeper cuts. They noted that
the pooled water was very warm to the touch and helped to melt ice
at the edges of the cut slot. Also, water at the point of impact
boiled violently and generated steam. The cutting performance was
the same as for the vertical case 1f the water was allowed to run
out.

One set of interesting experiments directly related to deicing

with high-~power laser radiation was reported by Lane and Marshall
in 1976 [24]. The thrust of their investigation centered on the
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observation that certain materials, normally transparent to a
particular wavelength of light, began tc absorb the radiation once
a threshold value of intensity was reached. Below the threshold,
the beam passes through the material with no effect, but above the
threshold, abscorption begins with material removal from the
surface, melting, vaporization, production of internal voids, and
in some cases violent shattering (25]. The phenomenon was first
observed in the early days of laser development. As higher and
higher laser output power was sought, it was discovered that
transparent optical lenses in the high intensity beam's path
became damaged on a regular basis. 1In fact, for the operation of
some high-power pulsed lasers, lens systems are considered one of
the consumables [14].

Lane and Marshall used a Ruby laser operating at 6943 A and a
Nd:Glass laser at 1.06 Um to carry out their study on several
types of ice attached to different substrates. 1In general, they
found that focussed intensities on the order of 10% to 10% W/cm?
produced fractures 0.1 to 2 cm long in ice. (This is roughly the
same intensity as the threshold level found to produce damage in
glass [25].) Depending on the type of ice used, the damage
occurred with greatest frequency on the surface, in the bulk of
the ice, or at the substrate interface. However, for sea ice the
damage was found only at the surface. The sea ice damage took the
form of chipping, holes mechanically removed from the ice, and
melting from which the investigators concluded that the technique
could be applied to deicing if a suitable focusing system could be
developed. A single pulse of optical energy of 1 to 5 Joules at
1.06 pum and focused to a point diameter less than 0.2 cm was
sufficient to cause damage about one fifth of the time. The type
of substrate was found to have no bearing on the initial crack
formation in the ice, but would determine the ease with which the
remaining ice could be removed from the surface.

The Lane and Marshall investigation concentrated on the type
and frequency of high intensity damage caused by single pulses of
laser light. As such, they gave no performance estimates on the
rate of ice removal. A relatively low-powered laser operating in
pulsed mode and focused at the ice surface, as they recommend,
should be capable of chipping out a trench in the ice about 1 cm
wide, but it 1is impossible to establish the effective beam
velocity needed to accomplish this due to the nature of their
investigation.

Discussions were also held with individuals of the Laser Group
of the Naval Undersea Systems Command (NUSC) who have had some
experience with using lasers in ice [26]. Basically, they are
using various lasers to probe into an ice sheet and measure the
electro-optical properties of the transmitted and reflected light.
In general, however, the lasers used by the Group were not of
sufficient power or intensity to cause melting in the ice,
although they are becoming interested in determining how a puddle
of melt water on the surface of an ice sheet affects the electro-
optical properties of the laser radiation.
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4.4 Performance Estimates for Laser Deicing

A Jjudgement on the practicality of using lasers for UNREP
deicing must consider two possible alternatives because two
physical means of ice removal appear to be feasible. As discussed
in the previous section, one means of deicing involves melting the
ice with heat supplied with a high-power laser through a moderate
intensity beam of light, while the second method uses a focused
high intensity beam from a low-power laser to produce mechanical
chipping and shattering of the ice. For both processes, the
probable method of application to deicing on ships would be to use
the laser to cut (or melt) a slot in the ice leaving a section of
attached ice of a few square feet. This would then be pried off
in the traditional manner, but with greatly reduced effort. Thus
the laser application would be much the same in operation as using
a steam lance or high pressure water jet to slot the ice.

For simplicity in discussing the two physical methods of
deicing, the high-power laser with a moderate intensity light beam
is referred to as a melting scenario, while the low-power laser
with a focused high intensity beam is called the ice shattering
scenario. Both methods will be discussed in this section and
performance estimates will be established for the melting case.
While 1ice shattering 1looks quite promising, no performance
estimates can be established since the actual physical mechanisms
for shattering transparent materials with high intensity light are
little understood [25), and experiments with 1ice sheets
concentrated on types of single laser pulse damage rather than the
measurements of the speed of ice removal [24]. If the overall
engineering requirements can be satisfied by laser deicing
systems, then the personnel safety aspects of using high-powered
lasers on shipboard will be addressed to determine if safe
operation can be achieved.

4.1 Desian Conditions far Melti

A determination of the practicality of using lasers to melt ice
can be made on the basis of first estimating the heating
requirements for representative deicing conditions, and assessing
the ability of an infrared laser to meet those heating
requirements. Once established, the performance estimates for the
melting scenario can be compared with estimated ice removal rates
achieved by other ice removal systems.

For the application of lasers to aid in deicing it is assumed
that no action is taken during the icing event itself, rather,
upon completion of the icing event the task of removing the
accreted ice begins. The initial temperature of the ice can be
quite variable depending upon the ambient air temperature. In a
study concerned with the new design of conventional major surface
combatants for cold weather operations, Schultz [27] determined
that a minimum air temperature of =20 °F (-29 °C) roughly
corresponded with the boundary for the 50% concentration of
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floating ice. This was recommended as the low temperature design
requirement for the Marginal Ice Zone capable ship defined in the
study. In addition, there is a lower limit to the air temperature
at which topside icing can occur. At some point, the sea spray
droplets will freeze while traveling through the air and strike
the ship without adhering in any quantity. Minsk [2] reports that
shipboard observers have witnessed icing at temperatures as low as
-29 °C, but that the majority of reported icing incidents have
occurred between —4 and —10 °C. Therefore —29°C can be taken as
the lowest reasonable air temperature limit at which icing will be
experienced. Since the melting process caused by heat supplied
from laser radiation is expected to occur fairly quickly, the bulk
or average temperature of the icing material is needed. In
general, the bulk ice temperature will be the same as the ambient
air temperature for ice attached to exposed topside equipment, and
can be estimated to be the average of the air temperature and 0 °C
for poorly insulated regions of the superstructure.

The upper limit temperature to which the laser energy warms the

ice 1is assumed to be 50 °C,. This wvalue 1is selected since
laboratory experiments with lasers melting slots in ice reported
both steam generation and the presence of warm water [23]. For

the operation of deicing at sea, it is envisioned that wind will
not hinder the efficiency of melting the ice with lasers. First
off, almost all of the energy contained in the laser beam will
reach the ice surface since the wind is expected to remove the
steam away from the working site. (Water molecules in the
atmosphere represent a prime absorber of infrared radiation.)
Secondly, the melting process is expected to occur quickly enough
so that the convective heat transfer associated with the wind
removing heat from the working site can be neglected.

Glaze ice has a density ranging from 0.7 to 0.9 gm/cm’, hard
rime from 0.1 to 0.6 gm/cm3, and soft rime from 0.01 to 0.08 gm/cm?
[2). The average density value for glaze ice was considered the
most appropriate to use in this evaluation since glaze ice is well
bonded to the substrate and its removal by standard mechanical
means would be greatly enhanced by an efficient method of slotting
the ice into smaller sectional areas. Soft rime has a granular
delicate structure which is very loosely bonded, while the less
dense forms of hard rime fall away easily to 1light blows.
Therefore, icing material with a density of about 800 kg/m3,
presents the typical most difficult case for ice removal. As
shown in the section on the optical properties of sea ice (chiefly
Figure 3), the albedo associated with infrared radiation on sea
ice is approximately 7%, and remains almost unchanged with changes
in density. A value of 10% for the reflectance will be used for
the calculations presented here to allow for some energy losses.
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The actual thickness of accreted ice need not be established
for design considerations at this point since the ice removal
performance estimated will be presented in terms of the rate of
beam traversing velocity times the depth of the slot (units of
Length?/Time). That is, if the beam velocity is cut in half, the
depth of cut will be doubled.

Finally, the characteristics of the laser to be applied to the
deicing by melting task should be noted. It was concluded at the
end of Section 4.1 that neodymium lasers represented the best
possible choice for UNREP deicing. They are durable lasers
requiring little maintenance, use simple fresh water cooling
systems, and require no cryogenic materials, which makes them
suitable for shipboard use. In addition, they are commercially
available in many different power levels, including the high-power
models used in material processing applications such as welding.
Finally, the 1.06 MUm wavelength infrared radiation emitted by the
neodymium laser is readily absorbed by ice, while still allowing
the use of fiber optic cables and lenses associated with visible
wavelength radiation. A typical commercially available neodymium
laser at the high end, as far as output power is concerned, has
the following beam characteristics:

Wavelength 1.06 um

Average Power 400 W

Maximum Pulse Energy 55 J

Pulse Width 0.5 msec to Continuous
Pulse Repetition Rate 0.2 to 500 Hz

Beam Diameter 1 mm

A laser with these characteristics would provide the greatest
amount of output power reasonably available through commercial
sources. Higher power levels would currently require specially
designed systems at a much greater cost, thus the laser described
here represents the upper limit of practicality.

142 Heating Load for Deici

The statement of the heat transfer problem for using a
neodymium laser to melt and/or vaporize icing material from the
surface of a ship is pretty well described in the previous
section. There is one additional constraint to the problem,
however. The laser beam should not be of sufficient intensity so
as to damage the underlying material to which the ice is attached.
For a ship, the superstructure is either steel or aluminum, and
coated with gray paint. Therefore, holding the laser beam steady
upon the ice covered surface should not result in damage to either
the metal, nor the paint. From a practical point of view, any
operational laser based deicing system should not damage these
surfaces even when they are not covered with ice.
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The amount of heat absorbed by an opaque surface depends upon
the amount of radiation reflected by the surface. Figure 17 shows
the reflectance for several polished metals over the visible and
near-infrared wavelengths. The curve for carbon steel indicates
that the amount of radiation reflected from a CO, laser (10.6 Hm)
is greater than that reflected for a neodymium laser (1.06 um),
which implies that the amount of radiation actually absorbed into
the metal over time is less for the CO, laser. The same is true to
a lesser extent for aluminum. Thus it appears that CO, lasers have
an advantage over neodymium when it comes to melting ice from
metal surfaces; the longer wavelength is more readily absorbed by
the ice, and a greater amount is reflected back into the ice by
the metal, Unfortunately, metal reflectance decreases with
increased surface temperature, and once melting begins at the
metal's surface, the percent of absorbed radiation is over 90% for
both laser wavelengths. This phenomena is shown in Figure 18.
The high reflectance of CO, laser wavelengths from metals such as

brass, copper and aluminum, which also have high thermal
conductivities, has been a disadvantage of this type of laser for

materials processing. In these metals, most of the radiation is
reflected from the material initially, and what heat does
penetrate the surface is rapidly conducted away. Manufacturers

desiring to use CO, lasers for welding and metal etching have

overcome this difficulty by first coating the surface of the metal
with a thin layer of another highly absorptive substance. This
reduces the metal’s natural reflectance and allows the surface
temperature to raise gquickly to the melting point. It turns out
that gray paint is an excellent choice for this application.

For the three materials under consideration, paint, steel and
aluminum, the one with the lowest melting point determines the
highest steady-state temperature that the painted metal should be
allowed to reach without damage occurring. The Handbook of
Materials Science (28] reports that common, highly durable enamels
have a melting point below 1050 °F (565 °C), which suggests that
500 °C is an appropriate limiting temperature for paint. The
melting point for aluminum is 660 °C, and for mild steel, about
1430 °C. Hence, dried paint will begin to melt, and probably
burst into flame, before either of the underlying metals is
affected.

For very long heating times, a source of heat energy which is
uniformly distributed over a circular area of radivs r will reach
some limiting temperature because the h~eat absorbed into the
material is allowed to diffuse sideways as well as into the
material. The steady-state solution (very long heating times) for
the increase in temperature with depth below the center of the
heated area is given by [15]
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Figure 17 - Reflectance versus wavelength for various polished metal surfaces at
room temperature. [15]
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AT(zZ, t=e0) = (q"/K)(/2Z+ 17 - 2) (13)
where _. 7 AT = amount of temperature increase
q” = heat flux, or rate of heat flow per unit area
K = thermal conductivity
Z = depth below the surface

The highest temperature which can be achieved is at the surface at
the center of the heated area. 1In this case, Equation 13 reduces’
to

AT(z=0, t=e) = q"-r/k (14)

The thermal conductivity for aluminum is 238 W/m°K, and for
mild steel 45 W/m°K (at 300 °K). Thus, for a given heat flux,
steel results in the highest temperature at the center of the
heated spot. Since both metals are assumed to be coated with gray
paint, they have the same absorption properties, and a given laser
beam held in a steady manner on either surface would generate the
same heat flux.

The reflectance of daylight light from Navy Gray paint (Federal
Color #16187) 1is 14%, and for Deep Navy Gray paint (Federal Color
#16081) is 7% [28]. Thus it 1is reasonable to assume a 90%

absorption coefficient, a(A), for the amount of heat energy
absorbed by the painted surface. Thus

qQ" = Ilg(A)-a(A) = P-a(A)/m-r? (15)

where P is the time-averaged laser power. Substituting this
expression for the heat flux into Equation 14, and using 400 Watts
for the power supplied by the laser beam, the laser beam radius
necessary to just warm the painted surface up to 500 °C is 5.1 mm,
or about one-fifth of an inch. Although the typical high-powered
laser characteristics given above suggest a beam diameter of only
1 mm, this is easily altered with neodymium lasers by placing a
beam expander in the beam path. The resulting incident beam
intensity for the 5.1 mm beam radius is 490 W/cm?.

Recapping some of the results thus far— A typical high-
powered neodymium laser, which would be reasonably available
through commercial sources, was sized so that its output beam
would not damage a steel surface painted with gray paint, even if
the laser was pointed towards one location on the surface for long
periods of time. The resulting beam diameter is just under a half
an inch, which would provide a slot or groove through an ice sheet
of sufficient width for prying off small sections of icing
material with fingers or pry bars depending upon the bonding
strength between the ice and the paint. The beam size would also
be suitable for melting ice from covered valve handles, wire rope
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block and tackle sets, and other movable apparatus that must be
freed before UNREP operations can commence. The analysis so far
does not take into account the requirements for personnel safety,
nor does it address the cost of such a laser system. These issues
will be discussed in later sections.

The next consideration for the neodymium laser system described
herein, 1is to establish its performance with regards to melting
icing material. The full-blown expression for the amount of heat
required to bring a frozen material, in this case sea ice, through
the liquid phase and into vaporization is

Q = Tr2zpicelCrice(Tmait™ Ti) * Lrys * Cowater(Tvap = Tmeit) * Lygpl  (16)

where Q = amount of heat required, J
r = laser beam radius, m
Z = thickness of ice, m
Pice = density of the icing material = 800 kg/m3
Cpice = heat capacity of the ice = 2113 J/k3gC

Cowater = heat capacity of the water 4226 J/kg-gC
Liis = latent heat of fusion 3.33%10%5 J/kg
latent heat of vaporization = 2.459x%10% J/kg

Lvap

This can be simplified by using the concept of "specific energy,"
or the amount of heat required to raise a unit volume from one
temperature to another.

Q = 7r2-h-gg (17)

where Es = specific energy, J/m3

By taking the time derivative of Equaticn 17 and dividing
through by the beam spot area, the heat flux can be related to the
rate at which the surface material is removed (either by melting

or vaporization depending upon where the specific energy is
evaluated) .

q" = vgEsg (18)
where Vg = surface velocity or drilling speed, m/sec

Once again, this heat flux 1is related to the time-averaged
intensity of the incident laser beam through Equation 15. As
discussed in the section on the optical properties of sea ice,
light at the 1.06 um wavelength is readily absorbed with only
about 10% being reflected, therefore an absorption coefficient of
90% can be used.
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An estimate for the cutting rate executed by the laser beam can
be related to the surface removal velocity. Let v, be the beam
scanning velocity and r the beam radius, then the beam will
transverse—a distance equal to the diameter of the beam in a time
t equal to 2-'r/v,. In the same period of time, the depth of the
material removed is z and is equal to v,'t, so z equals v,-2'r/v,.
Therefore, the beam scanning velocity resulting in a cut of depth
z is given by

Vp = 2°r-Vg/Z (19)

This expression is used to relate the depth of cut to the beam
velocity in the laser material processing industry [15].
Substituting this result into Equation 18, and equating the heat
flux to the laser's beam characteristics via Equation 15, the
result is

qQ" = lg\)-a\) = [vp2/(2°r)]-Eg (20)

An estimate of the material removal performance for the laser
melting the icing material is given by the product of the depth of
cut times the cutting velocity (units of Length?/Time). This makes
sense from the point of view that if the beam velocity is cut in
half, the depth of cut will be doubled. In this manner, the
deicing by melting laser system can be compared with other ice
cutting methods. Table 4 gives performance estimates for a range
of different initial ice temperatures. It can be seen that there
is not a great deal of difference in cutting performance with
different starting temperatures. This is because the heat
capacity for water is twice that for ice. The 1laser cutting
process would be much more efficient if the icing material could
be raised just to the melting temperature and the water instantly
removed, but the heating process at the surface occurs so quickly
that water and steam will be generated.

It should be noted that Table 4 was based on ice with a density
nf 800 kg/m? typical of glaze ice. If the density were cut in half
to 400 kg/m3, which is representative of hard rime, the cutting
performance would be doubled to just under 1 in/sec. Reducing the
density even further, Clark, et al., observed that covering an ice
sheet with snow had almost no effect on the cutting perfcrmance of
their laser system [23].
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Table 4
. Melting Speeds for 400 Watt Neodymium Laser
Specific

Temperature Energy Cutting Performance Beam Vel. v,
Initial Final Es Vp 2 forz=1cm
°C °C J/ms3 m2/sec cm?/sec cm/sec  in/sec
-29 S0 4.88E+08 S.21E-095 0.921 0.92 0.36
~25 S0 4.81E+08 9.34E-0S 0.934 0.93 0.37
~20 S0 4.73E+08 8.51E-05 0.851 0.95 0.37
~15 S0 4.64E+08 9.68E-05 0.968 0.97 0.38
~10 S0 4.56E+08 3.86E-0S 0.986 0.99 0.39

-5 S0 4.47E+08 1.00E-04 1.005 1.00 0.40

The only
performance of the deicing by melting laser

information with which to compare the cutting
system is the
empirical work reported by Clark, et al. ([23]. Their CO, laser
operating on freshwater ice produced slots an average of 0.3 cm in
width. The product of the depth of cut times the cutting velocity
was close to a constant 0.4 cm?/sec. This cutting performance is
about half of the computed results given in Table 4 above, even
though both laser systems generate an incident radiation intensity
of about 500 W/cm?. Part of the difference comes about from the
different types of ice used. In particular, freshwater ice is
more dense than the saline icing material, causing longer cutting
times for a given volume of ice. Most of the cutting performance
difference, however, is a result of the different laser beam
radii. Equation 19 shows that the cutting performance, v,-z, is

directly proportional to the laser beam radius. A larger beam, of
the same intensity and moving with the same beam velocity, is
incident upon a single point location for a longer period of time,
producing a deeper cut.

Portable high pressure water lances have been used successfully
in deicing applications on fishing vessels, supply boats, and
offchore platforms. Theilr relatively small size and weight, their
portability, their nominal ship interface requirements, and their
versatility make their consideration important in the development
of any shipboard deicing system. It should be pointed out,
however, that water lances are not an universal solution to the
shipboard deicing problem. Their use under sustained severe low
temperature conditions could result in the rapid freezing of the

- 72 -




runoff, thereby intensifying the problem rather than solving it.
It is also possible that under sustained severe low temperature
conditions the fluid lines and the pump of the exposed pressurized
lance equipment could freeze-up, resulting in overload of the
drive motor, bearing failure, or possible bursting of pipes,
hoses, and housing due to the expansion of the freezing water.
These problems can be minimized, but not eliminated, by the
selection of a hot high pressure water lance or steam lance
system., For deicing operations, the water jet is used to drill a
hole through the thickness of the ice, at which time the ijet is
directed at the interface between the ice and the underlying
surface with the objective of breaking the bond at the interface,

While water lances and steam lances are fairly prevalent, no
hard engineering performance data are available for deicing
performance estimates which allow direct comparison with laser
deicing by melting. Performance estimates are available for
cleaning and paint or rust removal since these are the primary
applications for water and steam lances. The usual performance
parameter is given in terms of area cleaned per unit time, but
this bears no relationship to the methed sf deicing by water
lance.

One experiment was performed for the U.S. Navy using a pulsed
water jet for deicing a FFG-7 class frigate at sea [29]. The
water jet operated at a 3000 psi pump pressure and had a flow rate
of 2 GPM. The pulsed mode of operation was believed to offer
enhanced erosivity over continuous stream water jets. In any
event, the system was found to remove 2.3 pounds of seawater ice
from a painted steel panel for each pound of water ejected from
the nozzle. In terms of volume, the amount of icing material
removed was approximately 2.5 times the volume of water used. At
the 2 GPM flow rate, this amounts to a volumetric removal rate of
1.136 m3/hr or 315 cm3/sec. This result should not be construed as
implying that a 1 cm wide water jet would cut a 1 cm deep trough
with a jet transverse velocity of 315 cm/sec. Rather this is the
volume of ice removed from the superstructure by erosion, melting,
and separation of chunks of ice. Removal by separation is the
predominate mechanism, As such no direct comparison exists
between this performance result for a pulsed water lance and the
high-powered laser melting speed given in Table 4. It does
indicate, however, the superior performance of water lances when
it comes to removing large sections of material from wide flat
surfaces. Unless the melting laser can direct heat from a cut
slot into the interface between the ice and the underlying surface
and separate chunks of ice with the same efficiency as the water
lance eroding ice at the interface (unlikely), there can be no
doubt as to which system removes the greatest amount of ice in a
given period of time.
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4.4 Hioh Intensity | Radiation for lce R |

The previous section dealt with the application of a high-power
laser generating a "moderate” intensity light beam to melt a path
through a sheet of icing material so that smaller sections of ice
could be pried free with ease and disposed of over the side of a
ship at sea (the deicing by melting scenario). It has been
demconstrated by Lane and Marshall [24] that much lower powered
lasers with a highly focused beam of 1light can result in
mechanical damage to ice sheets. This is referred to as the
deicing by ice shattering scenario. A summary of their
experimental results is given in Section 4.3 of this report.
Basically, they found that focused intensities of laser light on
the order of 10%® to 10° W/cm? produced fractures 0.1 to 2 cm long in

ice. In their conclusions, they recommended a 1.06 um laser
(neodymium) producing single pulses of optical energy at 1 to 5
Joules and focused to a point diameter less than 0.2 cm,. With

this configuration damage was generated about 20% of the time.
Specifically, with the laser beam focused at the surface of sea
ice, observed damage took the form of removed chips, holes blasted
through the ice (up to 2 cm), and melting. Based on thLese
conclusions, deicing by the ice shattering method looks quite
promising. Unfortunately, no performance estimates can be firmly
established since the investigation concentrated on the amount and
type of damage resulting from single pulses of laser radiation
rather than measurements of the speed of ice removal.

The physical mechanisms by which absorption of a particular
wavelength radiation begins in normally transparent solid
materials are not completely understood. Below some threshold
intensity, the level of which depends primarily upon the material,
the beam passes through the material with no effect, but above the
threshold, absorpticon begins with material removal from the
surface, melting, vaporization, production of internal voids, and
in some cases violent shattering. Ready's book on the effects of
high-power laser radiation ([25) goes into some detail on the
phenomena with many references to published experiments,
observations, and theories. The primary emphasis, however, is on
transparent materials used in laser rods and optics. The
following 1is a brief description of the various proposed damage
mechanisms mentioned by Ready. One or several of the mechanisms
may be present in a damage event.

Hypersonic Waves Hypersonic waves, or coherent acoustic phonons,
are generated in the transparent material by a stimulated
Brillouin process. Brillouin scattering involves an interaction
between an optical/electrical field and an acoustic field. The
incident laser radiation has an electric field associated with it.
This field produces electrostrictive strain in the material, which
in turn exerts pressure and drives an acoustic pulse. In order to
damage ice by Brillouin scattering alone, the acoustic wave
pressure has to be on the order of the tensile strength of ice.
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Multiphoton Absorption Multiphoton absorption is the harmonic
production and subsequent absorption of the frequency-doubled
light. Imagine two photons of light at a frequency V (energy hV)
passing through a material. One photon is absorbed by an atom or
molecule and then re-emitted, but re-emitted in such a way that it
combines with the second photon. The new photon has an enerqgy of
2hV and is twice the frequency. If the higher energy light is
absorbed into the material, electron ionization can occur. As

further electrons are produced, an absorbing plasma is formed
resulting in large heat build-up and damage to the material.

Intraband Absorption Intraband optical absorption is similar to
multiphoton absorption in the production of an electron plasma,
which leads to heat build-up and material damage.

Absorption at Defects Structural inhomogeneities, such as
microcracks, present in an otherwise transparent material result
in increased absorption of the light at the inhomogeneities. It is
uncertain how damage to the material is caused, but it is
speculated that the hypersonic pressures or thermal stresses lead
to expansion of the original microcracks.

Microplasmas—High Temperatures A high temperature plasma 1is
formed near the focal point of laser light. The heating leads to
vaporization, and in some cases ionization, inside the :aterial.
Pressure is exerted by the vaporized material on the surrounding
region, If the pressure in the solid material exceeds its yield
strength, further damage will occur.

Superposition of Stress Waves The superposition of stress waves

assumes that some radiation 4is absorbed even in nominally

transparent materials. It is postulated that, under some
conditions, 1low level stress waves are formed which are
superimposed in some region of the material. This can lead to a

very high stress state and possible damage.

Surface Damage It has been observed that surface damage can occur
at lower levels of intensity than volume damage.

In many cases, a theoretical analysis using one of the above
postulated damage mechanisms predicts much higher threshold
intensity than the threshold intensities measured in laboratory
experiments. A large part of the discrepancy may be due to the
phenomenon of self-trapping or self-focusing of the laser beam.
The high intensity associated with the beam alters the index of
refraction within the transparent material. Instead of diverging
in the medium, the Leam focuses itself and creates its own
waveguide. In this situation, intensities can be generated which
are higher than those computed from the beam characteristics and
and associated optics.




The laser used in the Lane and Marshall study (24] was a much
smaller wunit (and undoubtedly 1less expensive) than the one
postulated .. for the melting scenario. The laser had
interchangeable rods to allow for both ruby and neodymium
wavelength operation, but in the neodymium configuration, it had
the following beam characteristics.

Normal Q-switch
—Pulsed Mcde Mode
Pulse Width 0.8 to 2 msec 30 to 50 nsec
Maximum Pulse Energy 5 J 0.9 g

In general, the investigators found the Q~switched mode to be
more efficient in producing fractures. Even though the pulse
energy is lower in this mode, the delivered power, energy divided
by pulse width, can be much higher over the duration of the pulse.
This should not be confused with the time-averaged power (pulse
energy divided by the pulse repetition period).

All lasers which operate in the pulsed or Q-switched mode have
a performance envelope which describes the available combinations
of output energy and pulse width verses the pulse repetition rate
(PRT). Specifics were not given for the Lane and Marshall laser,
but typical values for a continuous excitation neodymium laser
operated in the Q-switched rnode are a pulse repetition rate of 0
to 100 kHz, with a pulse duration of 100 to 700 nsec. Nd:Glass
lasers can be built with larger rods than Nd:YAG and are therefore
capable of higher energy pulses. Unfortunately, the Nd:Glass rod
suffers from thermal problems which limit its average power to
less than that of the YAG. These lasers are only available with
pulsed lamp excitation which solves the heating problem, but also
limits the pulse repetition rate. Typical performance envelope
values would be a pulse repetition rate of 0 to 200 Hz (lamp
limited) and a pulse duration of 3 to 30 nsec [14]. However, in
order to achieve high pulse energies, the pulse repetition rate
must drop. The usual value encountered for a Q-switched pulse
energy of 1 J is only 10 Hz (unless the high-powered lasers from
the previous section are again considered).

We are now in a position to speculate upon the performance of a
moderately low-powered neodymium laser focused to a high intensity
spot on the surface of an ice sheet. Let the selected laser be a
commercially available, Q-switched laser capable of producing
pulses of 1 J and a modest 10 Hz pulse repetition rate. Next,
assume that mechanical damage is achieved with a 20% frequency as
observed by Lane and Marshall. Typical fractures were reported as
being distributed between 0.1 to 2 ¢m in diameter, but assume that
the average damage size is only 0.5 cm in diameter and that the
distance between damaged 1locations 1is 1 cm, With these
characteristics the laser generates 2 points of damage per second,
or, ideally, a groove through the ice at a rate of 2 cm/sec (about
1 inch/second) . This velocity 1s two times higher than that
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achieved by the deicing by melting method, and does not even
account for the fact that 90% of the laser energy which is not
involved in producing mechanical damage (the ~ther 4 out of 5
pulses) is- -absorbed by the saline ice in the form of heat. In
actual performance tests, it may turn out that once a point of
fracture has been initiated in the ice, a faster beam velocity is
realized. Laboratory tests are needed to determine the real
performance characteristics of the deicing method.

All enthusiasm aside, one problem with deicing by shattering is
the fact that the focused laser beam must be accurately positioned
on the surface of the ice sheet, It is envisioned that the
deicing laser system would start with a fiber optic cable coming
from the neodymium laser for ease of handling. At the business
end of the cable, a hand held wand or tube would send the laser
light from the fiber optic cable, through a carefully positioned
convex lens, and on to the lens focal point just outside the
opposite end of the tube. In operation, the discharge end of the
tube would be placed flat against the ice surface which would also
allow the high intensity 1light at the 1lens focal point to be
positioned right at the ice surtace. With this simple arrangement
it would be difficult to damage unintentionally other surfaces or
equipment because the location of the highly focused part of the
beam is known, however, it would also be impossible to break away

ice located inside a groove or pit. As mechanical damage occurs
and a slot or groove is started, it becomes harder to remove more
ice from inside the grocve. Thus, the beam scanning velocity

looks better for deicing by ice shattering than by ice melting (if
2 in/sec could be achieved, this would probably be a reasonably
efficient deicing tool), but the depth of the cleared groove
remains a guestion.

Another concern with the Q-switched laser described for tha
chipping application is the damage that it can do to other
surfaces. Although the laser itself is much less powerful than
the deicing by melting laser, the focused beam of light has an
extremely high intensity at the focal point. This should not be a
problem, however, unless the deicing wand is intentionally held
against a surface because the beam diverges after the focal point
which reduces the radiant intensity with distance from the wand.
The laser described here has a time-averaged output power of 10
Watts (1 Joule divided by 0.1 sec pulse repetition period).

4.4.5 Conclusions

Two types of deicing laser mechanisms have been described; one
uses a moderately intense laser beam to remove ice from an ice
covered surface by melting alone, the other process uses a
relatively low-powered laser with a highly focused beam of light
to remove ice by mechanical means such as chipping, blasting

holes, and violent shattering. The latter case relies on the
phenomenon of a normally transparent material becoming an
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absorbing material once incident laser radiation passes above some
threshold intensity.

The deicing by melting laser system postulated a typical high-
powered neodymium laser similar to the types commercially
available for manufacturing processes. The laser beam was sized
to melt the ice as quickly as possible without causing damage to
the underlying painted surface. The computed performance for the
laser to melt a groove through glaze ice was about 1 cm?/sec, so a
one centimeter deep slot could be made with the laser beam
scanning at a rate of 1 cm/sec (0.4 in/sec). It was assumed that
any steam generated would be blown away and that melt water would
run-off quickly so that the efficlency of the laser systems would

not be reduced further. These were felt to be reasonable
assumptions for ice covered vertical surfaces on a wind swept ship
at sea. The primary culprit in the low performance estimate is

the high heat capacity of water. The cutting speed would improve
greatly if the ice could be brought just to the melting point anc
the water instantly removed, unfortunately, hot water and steam
have been observed to be by-products 1in other laser/ice
experiments.

The discussion of deicing by ice shattering relied heavily upon
the experimental results reported by Lane and Marshall [24] where
they used a much smaller neodymium laser with focused intensities
of laser light on the order of 108 to 10° W/cm? to produce fractures
0.1 to 2 ¢cm long in ice. They concluded that the method was
feasible and reasonably efficient for the deicing application.
However, no performance estimates were established since the
investigation concentrated on the amount and type of damage
resulting from single pulses of laser radiation rather than

measurements of the speed of ice removal. Some rough estimates
were attempted here which suggest ice removal at a rate of 2
cm/sec (1 inch/second) for grooves up to 2 cm in depth. This

performance guess is about twice the beam velocity for the melting
laser system. Analytic performance estimates are not possible at
the present time because the physical mechanisms behind the
mechanical damage process are not completely understood, or even
identified. As such, a laboratory test is probably the only means
to develop accurate performance estimctes for this deicing method.

Based on these conclusions, the deicing by ice shattering
method looks quite promising, unfortunately, the question of its

actual ice removal rate remains unanswered. The analysis so far
does not take into account the requirements for personnel safety,
nor does it address the costs of either laser system. These

issues will be discussed in later sections.
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4.5 Applications Analysis

Both of the neodymium lasers postulated in the previous section
for deicing by melting or deicing by ice shattering produce
sufficient radiation to be classified as Class 4 lasers. Lasers
of this class are definite safety hazards for personnel. These
lasers produce a hazard not only from direct or specular
reflections, but also from diffuse reflections. In addition, such
lasers may produce fire hazards and skin hazards. For both
continuous wave and pulsed mode lasers in the visible and infrared
portions of the spectrum, including the Nd:YAG wavelength of 1.06
Mm, a time-averaged emitted power of greater than 0.5 W is
considered a Class 4 laser.

In Section 4.2.2 on laser safety, the maximum permissible
exposure, MPE, for human skin at the neodymium laser's 1.06 um
wavelength was determined to be 1 W/cm? over long exposure times.
This represents the worst case situation, and is probably the most
appropriate choice for the crewmember assigned to operate the

deicing 1laser. For direct ocular exposure, the maximum
permissible exposure is 1.6 mW/cm? for an exposure duration of over
1000 seconds (17 minutes). This 1is the most hazardous scenario

and is akin to staring into the laser beam. The 1.6 mW/cm? is the
intensity of the radiation reaching the eye, therefore a
crewmember is considered safe from ocular radiation danger if eye
protection is worn which reduces the intensity to the ocular MPE
level or less.

One approach to the selection of eye protection with adequate
optical density is to match the skin MPE and ocular MPE. That is,
the relative radiation hazard striking the body is the same for
both the eyes and the skin. 1In Section 4.2.1 it was pointed out
that the desired optical density for eyewear is the minimum
optical density required to attenuate the maximum expected
radiation intensity down to the ocular MPE limit. The optical
density was defined in Equation 10.

D, = l0go(1;/MPE) (10)

Greater optical density does reduce the intensity reaching the eye
below the MPE, but it also reduces the individual's ability to
see; also a safety hazard. If the radiation reaching the safety
glasses 1s the same as the skin MPE, then for the 1.06 um
neodymium laser

Dy log |0(P1PE3km/MPEEue)

l0go(1 W/cm2 + 1.6 mw/cm2)

= 2.79
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Table A-1 in Appendix A 1lists some types of laser eye
protection by manufacturer. For each model, the optical density
is given versus wavelength. The table shows that several models
exist which.ocffer a optical density of greater than 3 at the 1 06
pm wavelength, while still possessing a daylight transmittance of
around 80%,

The next step in the applications analysis is to determine the
safe working ranges, the nominal hazard distances (NHD), for
people in the vicinity of the laser or the laser operator. Two
ranges will be considered depending upon whether an individual is
wearing safety glasses or not. If the individual is wearing
safety glasses as described above, the NHD is that distance where
the incident intensity is equal to 1 W/cm?2. Without glasses, the
eyes determine the safe intensity level, and the NHD is set where
the incident intensity is 1.6 mW/cm?.

Starting with the high-powered deicing by melting laser, the
time-averaged power output was given as 400 W with a beam radius
of 5.1 mm in order to avoid melting or burning the paint covering
the metal parts of the superstructure. This results in an
intensity of 490 W/cm? which is way above the skin MPE limit. Even
if the laser beam 1s directed to the ice and only 10% of the
radiation is reflected, the reflected intensity would be 50 times
too high for skin exposure. One sclution to this problem is to
introduce a large divergence to the beam through a convex lens
mounted at the end of the fiber optic delivery cable, although
this approach eliminates the possibility of deicing at remote
distances using the laser. It is envisioned that the laser
deicing apparatus would be set up as follows: a laser power
supply permanently installed at some safe, dry location in the
interior of the ship; the actual laser would be permanently
mounted near the power supply with its beam of light coupled to a
long fiber optic cable; the laser deicing operator would be at the
other end of the cable directing the laser beam where needed with
a hand held tube. The fiber optic cable is attached to one end of
the tube which serves to hold the 1light exiting optics and
provides a safe means for the operator to direct the 1light.
Figure 19 shows a sketch of the arrangement.

The question remains, what beam divergence angle is necessary
to make this arrangement safe for operating personnel and passers-
by? The upper part of Figure 16 gives an equation to determine
the range necessary at which the radiation is equal to the safe
MPE. The equation was derived using small angle approximations,
so the complete equation for the range to the nominal hazard
distance (NHD) 1is

'NHD © (v P/(TT'MPES - r/21/sin(9/2) (21)

If the ocular MPE is used, then the result is the range to the
nominal hazard ocular distance (NOHD).
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Table 5 shows the computed NHD for a high-powered laser with
400 W average power being emitted. The laser beam would still
have enough intensity at the hand-held tube exit to melt the ice,
but the beam  -"diverges after this point in order to reduce the
radiant intensity for personnel safety. For example, for a
divergence of 40° akout the same as that of a common flashlight,
the laser operator and other members of the deicing team would be
considered safe at a distance of 1 foot from the tube exit if they
were wearing the proper safety glasses. A passer-by without
safety glasses would be safe at a range of 27 feet. Since
approximately 90% of the radiation is absorbed by the ice, the
reflected light beam is much less intense.

The diverging beam greatly reduces the radiation hazard range.
Unfortunately, the 27 ft hazard distance for passers~by may prove
unacceptable on a navy vessel with many sailors out on deck trying
to remove accreted ice as quickly as possible, A similar
computation for a 10 W average power deicing by ice shattering
laser is given in Table 6. In this case a divergence of only 7.5°
would yield approximately the same NMD ranges as before. A
divergence of 12.5° gives a deicing team safe range of about a
half a foot, and a 13.5 ft safe range for a passer-by. Higher
divergences may be difficult to achieve with this 1laser
configuration since the beam would have to be focused to a tight
point close to the lens for the very high intensities required
before the beam diverges beyond the focus. Since 1low pulse
repetition rates are involved here, this calculation should also
be performed based on the energy delivered in each pulse in
addition to the intensity (J/cm? instead of W/cm?) depending upon
the pulse duration of the laser used.

There are still safety hazards associated with a deicing system
using a diverging beam, however the hazard zone is now known and
controllable. With proper training, a laser deicing system could

be no more dangerous than an operating chainsaw. One important
hazard still exists, however. Suppose the laser operator slips on
the icy deck and falls on the hand-held tube,. Severe medical

injuries would result, and at the very least, a dead man's switch
should be incorporated into the beam directing tube's design. At
least with the use of a fiber optic delivery system, the problem
of electric shock from the laser's power supply is eliminated.
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l

Nominal Hazatd Distances for High-Powered Deicing by Meiting Laser
. With and Without Eye Protection

Average Power 400 w
Beam Radius 51 mm
0.51 cm
Beam Intensity  489.52 W/cm?

Range NHD Range NOHD
Divergence MPE = 1 W/cm? MPE=1.6 mw/cm?
P (°) cm ft cm ft
0.1 12346 405.05 322672 10586.37
1 1235 40.51 32268 1058.65
2 617 20.25 16134 529.35
3 412 13.50 10757 352.92
4 309 10.13 8068 264.71
5 247 8.10 6455 211.79
7.5 165 5.40 4305 141.25
10 124 4.06 3231 106.00
12.5 99 3.25 2587 84.86
15 83 2.71 2157 70.78
20 62 2.04 1622 53.20
25 50 1.63 1301 42.68
30 42 1.37 1088 35.69
35 36 1.18 936 30.72
40 32 1.03 823 27.01
45 28 0.92 736 24.14
50 25 0.84 666 21.86
55 23 0.77 610 20.01
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Table 6
Nominal Hazard Distances for Deicing by Ice Shattering Laser
- With and Without Eye Protection

Average Power
Beam Radius

10

w (in Q-switch mode)
0.25 mm
0.025 cm
Beam Intensity 5092.96 W/cm?2

Range NHD Range NOHD
Divergence MPE = 1 W/cm? MPE=1.6 mw/cm?

P (°) cm ft cm ft

0.1 2016 66.14 51083 1675.94
1 202 6.61 5108 167.60
2 101 3.31 2554 83.80
3 67 2.20 1703 55.87
4 50 1.65 1277 41.91
5 40 1.32 1022 33.53
7.5 27 0.88 682 22.36
10 20 0.66 511 16.78
12.5 16 0.53 409 13.43
15 13 0.44 342 11.20
20 10 0.33 257 8.42
25 8 0.27 206 6.76
30 7 0.22 172 5.65
35 6 0.19 148 4.86
40 5 0.17 130 4.28
45 5 0.15 116 3.82
50 4 0.14 105 3.46
55 4 0.12 97 3.17
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4.6 Prototype Hardware Selection

Earlier conclusions indicated that a moderately powerful
neodymium -lager, with a highly focused beam to shatter icing
material, was probably more efficient and certainly less expensive
than using a high-powered laser to melt through the ice. This
conclusion was based on the successful experiments conducted by
Lane and Marshall [24]. Both laser configurations can be designed
s¢ that a reasonable 1level of personnel safety from laser
radiation can be achieved. The next question to address is the
costs associated with using a neodymium laser system for deicing.
With many laser systems, the costs would be divided into the
purchase price and operating costs, but neodymium lasers in
general have very low operating costs. Most of the 1lasers
investigated could be powered from a 220 volt electrical circuit,
and generally use plain water for cooling. They are also among
the more durable of lasers, and so are better able to withstand
the tossing and pitching of a ship at sea. Therefore, routine
maintenance and safety training would be the .nain operating costs.

The purchase price for any sophisticated laser system, however,
turns out to be considerable. Appendix B gives a listing of all
laser manufacturers (most of them neodymium laser manufacturers)

contacted for information in the course of this study. Table 7
below lists specific neodymium laser systems and their estimated
purchase price for a range of output power levels. The 1la-.or

systems given are ordered in terms of increasing cost.

In general, the table shows a rapid increase in purchase price
with increased output power capability. 1In all cases, the option
for Q-switching from a pulsed laser is extra. The laser systems
given here can be divided into three broad categories by operating
principle and cost. At the low-power end, the neodymium lasers
tend to operate in the CW mode. If Q-switching is desired, the
laser can be turned on and off rapidly in phase with the required
Q-switch cycle frequency. These low-power lasers are used for
medical applications and in manufacturing electronics components.
This power level 1is too low for them to be used for either the
deicing by melting or deicing by ice chipping systems.
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Table 7

Approximate Costs for Neodymium Laser Systems

Pulse
Model & Operating Average Pulse  Repetition Approx.
Manufacturer Mods Power  Energy Rate Cost, $

Model 775M cw 75W 17,325
Lee Laser Q-switched 15mJ <50 kHz 23,300

M0060-0101 MY32-10 Pulsed 25W 225 mJ 10 Hz 27,500
Laser Photonics

M0060-0102 MY32-20 Pulsed 25W 225 mJ 20 Hz 28,900
Laser Photonics

Model 9430 Pulsed 3J 10 Hz 21,500
Laser Metrics Q-switch option 450 mJ ' 29,480

M0C60-3761 MY33-10 Pulsed 45W 400 mJ 10 Hz 30,000
Laser Photonics

M0060-0341 MY34-10 Q-switched 8w 700mJ 10 Hz 32,500
Laser Photonics

M0060-0342 MY34-20 Q-switched 85W 700 mJ 20 Hz 37,500
Laser Photonics

300 Watt Model Pulsed 300 W <100 Hz 38,000
U.S. Laser Corp.

M0060-3771 MY35-10 Q-switched 11 W 1d 10Hz 42,000
Laser Photonics

Model 936Y3H-3 Puised 304 1 Hz 39,400
Laser Metrics Q-switch option 2J 51,100

Antares Model 76 YLF Cw 2W 58,000
Coherent Laser Products

KLSO016 Pulsed 0w 26 J <20 Hz 58,000
LASAG Corp. Q-switch option 200 mJ

Model SS484 Pulsed 100 W 60,000
Raytheon

-~ 86 -




Table 7 (Continued)
Approximate Costs tor Neodymium Laser Systems

Pulse
Model & Operating Average  Pulse  Repetition Approx.
Manufacturer Mode Power  Energy Rate Cost, $
Modei 94100 Pulsed 10J 10 Hz 55,800
Laser Metrics Q-switch option 1J 67,500
Model JK702 Pulsed 250 W 22J @100 Hz 69,875
Lumonics Plus 7,000 for optics
Antares YAG Cw 24 W
Coherent Laser Products Q-switched 13 W 4md <20 kHz 76,000
Model SS550 Pulsed 400 W 3.5 @100Hz 115,000
Raythaon
450 Watt Model Pulsed 450 W 50J <300Hz 150,000
LASAG Corp.

At the high-powered end, generally over 100 Watts average power
in pulsed mode, are the heavy manufacturing lasers which are used
for cutting, welding and drilling holes in metal. These lasers
operate in the pulsed mode rather than continuous mode to avoid
overheating the neodymium rod. 1In general, they can be modified
to operate with Q-switching with a greatly reduced average output
power (peak power 1is increased substantially, however). In the
pulsed mode, the pulse width is usually about 1 to 10 msec wide.
This provides heat energy stretched out over a "long" period of
time in order to melt and flow material without vaporization
during welding. 1In the Q-switch mode, however, the pulse width is
on the order of a few nanoseconds. This is used during drilling
holes to remove material quickly through vaporization. As a
general rule, in order to produce higher peak power levels in
either mode, a given laser needs a longer cycle time; 1i.e.,
shorter pulse repetition rate. These lasers would be suitable for
the deicing by melting application, but note that they cost
between $60,000 and $150,000.

The neodymium lasers between these two groups, moderately
powered lasers up to 100 Watts average power while operating in
the pulsed mode, have similar characteristics to the laser used
for the Lane and Marshall investigation. In this regard, any
neodymium laser capable of producing about 5 Joules per pulse in
normal pulsed mode, or 1 Joule per pulse in Q-switch mode, which
is focused to sufficient intensity will generate mechanical
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failure in ice. The laser used in their study, a Hadron/TRG Model
104A laser system, 1s no longer being produced. 1In fact, Hadron
Inc. is no _longer in the business of manufacturing lasers.
However, three similar lasers were found that achieve these
performance requirements in one mode or the other. These are
given in Table 8.

Table 8
Neodymium Laser Systems Suitable for Deicing by Ice Shattering Tests

- Pulse
Model & Operating Average Pulse  Repetition Approx.
Manufacturer Mode Power _ Energy Rate Cost, $
M0060-3771 MY35-10 Q-switched 11 W 1J 10 Hz 42,000
Laser Photonics
KLSO016 Pulsed 0w 26 J <20 Hz 58,000
LASAG Corp. Q-switch option 200 mJ
Model 94100 Pulsed 104 10 Hz 55,800
Laser Metrics Q-switch option 1J 67,500

It can be seen that the pulse repetition rate necessary for the
energy levels stated is around 10 Hz. Also, the purchase price
averages about $50,000 to $60,000. A fiber optic delivery system
is available for each laser at an additional cost. For instance,
a fiber optic cable for the Laser Metrics Model 94100 has a 600 um
optical diameter and costs about $1200 for the optical coupling
and $1200 for each 5 meters of cable length. Care must be taken
in choosing the proper fiber optic cable in these lasers because
the high energy per pulse translates into very high 1light
intensities traveling through the cable. This is particularly
true with the Q-switched option since the pulse energy is crammed
into very short time periods giving a peak power that is usually
higher in this mode than the normal pulsed mode. After all, the
concept of shattering ice with high intensity radiation originally
came from documented cases of high intensity mechanical damage to
glass and optical components, and the intensity levels needed to
generate this damage 1is about the same for glass and ice. When
such damage occurs to a fiber optic cable, this is referred to as
"blowing out a cable.”
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Of the three models given, only the third listed meets the
output energy levels used by Lane & Marshall in both the pulsed
and Q-switched mode. Since the mid-range lasers are considerably
less expensive than the high-powered manufacturing lasers, require
less space for their power supplies and associated equipment, and
their feasibility for ice removal by mechanical damage has been
established, future investigations into laser deicing should
concentrate on these types. It turns out that lasers in this
middle ground, between the low-powered, light industry lasers and
the high-powered, heavy manufacturing lasers, are not as common on
the market place because of a limited number of applications.
Appendix B contains more detailed information describing the
features of each of the three lasers.

In Section 4.4.3 a comparison was made between laser deicing
and using a portable high pressure water jet for deicing. Although
a direct performance comparison was not possible, the conclusion
was made that a deicing water jet is capable of removing much
larger quantities of icing material because of its ability to
direct the water stream into the interface between the ice and the
underlying surface, thus removing substantial sections of ice in
slabs. A comparison should also be made of the costs associated
with the two deicing methods. Schultz conducted a survey of
commercially available high pressure water jets suitable for
deicing [(30]. In general, it was reported that most water lances
actually used for ice removal used a jet pressure of around 3,000
to 4,000 psi. (Pressures on the order of 20,000 psi are needed teo
remove paint from steel.) An additional requirement of the
investigation was that the units be of a size that could be
handled manually with the intent of using them aboard U.S. Navy
surface ships for deicing. The typical price range for units
meeting the criteria ranged from $5,000 to $10,000, with the more
rugged units pushing the top of the price range.

Therefore, even the more expensive high pressure water lances
cost only 10 to 20% of what a moderate powered neodymium 1laser
suitable for deicing by ice chipping with additional fiber optic

beam delivery system would cost. 1In addition, training the crew
for deicing operating techniques and safety would be minimal for
the water lance. It is conceivable that routine maintenance

expenses would be roughly comparable between the two systems, but
replacement of major components 1is certainly more expensive for
the laser system. Also, in the event of a breakdown which renders
the water lance system out of commission, it is likely that the
ship's machine shop could fabricate the necessary parts for
temporary repair. No such back up, short of maintaining a ready
supply of spare parts, exists for the laser deicing system.
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4.7 Conclusions on the Use of Lasers for Deicing and Some
Suggestions for Future Laboratory Tests

It has become clear in the course of this investigation that
the world is  not yet ready for laser deicing of surface ships
after a topside icing event. It has been shown that it |is
physically possible for lasers to remove icing material from
painted metal either by melting or by producing mechanical damage
within the ice. Ice melting can be accomplished without damaging
the underlying material if the proper wavelength laser is selected
so that the energy is absorbed into the ice while the radiation
intensity is kept to low enough levels to avoid burning the paint.
In the case of ice removal by mechanical damage, a lower powered
laser than the deicing by melting laser can be used if the laser
beam is focused to an extremely high intensity. This 1is

technically feasible and the theory has been verified by previous
laboratory tests.,

Once it was determined that laser deicing was physically
possible, an investigation was conducted into the safety aspects
of the problem. While radiation and electrical safety are major
concerns, it is felt that laser deicing systems could be
engineered that afford a reasonable level of safety to the laser
operator and other topside personnel. The question of safety
does, however, 1limit the range of applications for the laser
deicing system,. The need for a rapidly diverging beam, for

instance, precludes using the laser to remove ice some distance
from the operator.

Thirdly, a search was conducted of current laser manufacturers
to determine if commercially available lasers exist which could be
adapted to the problem of removing icing material. Several
suitable, durable neodymium lasers were located, and purchase
price information was obtained. Average prices ranged around
$50,000 to $60,000 before inclusion of special features such as a
fiber optic delivery system.

Finally, a comparison was made between a prototype laser
deicing system and high pressure water lance deicing systems.
Unfortunately for the laser, the water jet turned out to possess
greater capability for removing large quantities of ice while
costing about one tenth to one fifth as much. In addition, the
water lance is simpler to maintain and does not have the same
level of safety concerns as the laser system.

Therefore, the concept of using a laser for deicing is both
physically and technically feasible, however the comparison with a
high pressure water lance demonstrates that simpler, safer,
cheaper, and more efficient methods exist for attacking the
problem of removing ice prior to conducting UNREP operations

aboard U.S. Navy surface ships operating in the high latitudes of
the world.
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While the prospect of using lasers for deicing does not look
promising at the present time, the situation could change if
additional uses for the laser are found. For instance, it was
shown in the course of this study that the intensity of infrared
radiation produced by neodymium lasers would be limited by the
melting and/or burning point of Navy Gray paint. The lasers
considered here could be adapted to the task of routine paint
removal by a simple adjustment to beam optics and using a pulsed
mode of operation.

If it becomes desirable to conduct laboratory tests on laser
deicing at some point in the future, the following comments and
suggestions might prove helpful. Previous laboratory tests
demonstrated the feasibility of using moderately powered lasers to
produce mechanical damage to the surface of sea ice [24], however,
no practical performance estimates were reported since the focus
of the experiment was to determine if mechanical damage did indeed
occur. Future laboratory tests should use a similar laser with
both normal pulsed and Q-switched modes of operation for a
comparison of the results. The Q-switched configuration appears
to be the more effective in generating mechanical damage, but it
is also an expensive option that may not be needed if the purchase
of several units 1s contemplated. Performance estimates to be
obtained as a result of the experiment include measurements of the
rate at which a slot can be cut through ice sheets of various
thicknesses. Saline ice should be used instead of fresh water
ice, and, if possible, ice of different densities should be grown.

In addition, a simple test should be conducted to determine the
total volume of ice removed by melting a hole through the ice,
directing the laser beam at the interface and separating chunks of
ice from the substrate. This would provide a comparison with the
method of using a water lance for deicing. The experiment should
also determine if a laser beam which 1is pointed at a single
location, melts a hole through the ice, and uses the thermal
conductivity of the metal to melt more ice along the interface
between the ice and metal, and around the melted hole, is an
effective laser deicing technique.
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S. INFRARED UNREP ANTI-ICING AND DEICING

5.1. Practical Summary of Infrared Heating Technology
5.1.1 Fundamentals of Radiant Heat Transfer

Heat is transferred by three different mechanisms, conduction,
convection, and radiation [31]. The common features of these
mechanisms are that temperature differences must exist in order
for heat to be transferred, and that heat is always transferred in
the direction of decreasing temperature, or from the higher
temperature to the lower temperature. These mechanisms differ
entirely, however, in the physical process which occurs, and the
laws by which they are governed. Heat conduction is due to the
property of matter which allows the passage of heat energy through
the matter, even if a physical body is impermeable to any kind of
radiation and its parts are not in motion relative to one another.
Heat convection is due to the faculty of moving matter to carry
heat energy in the manner of transporting a load from one place
to another. Heat radiation is due to the property of matter to
emit and to absorb different wavelengths of radiation from the
electromagnetic spectrum. Empty space is perfectly permeable to
this radiation, and many types of material are more or less
transparent to the passage of this radiation.

By way of example, if one end of a metal rod is placed in a
flame while the other is held in the hand, that part of the rod
that is being held will become hotter and hotter although it is
not itself in direct contact with the flame. Heat reaches the
cooler end of the rod by conduction along or through the material
of the rod. The term convection 1is applied to the transfer of
heat from one place to another by the actual motion of hot
material. Examples are a hot air furnace and a hot water heating
system. If the heated material is forced to move by a blower or

pump, the process is called forced convection. If the material
flows due to differences in density, the process is called natural
or free convection. Radiant heat transfer consists of the

transfer of energy by invisible electromagnetic waves. Two common
examples of radiant heat transfer are the heat of the sun and heat
from a fireplace.

The term radiation refers to the continual emission of energy
from the surface of all bodies. This energy is called radiant
energy and is in the form of electromagnetic waves. These waves
travel with the velocity of light, and are transmitted through a
vacuum as well as through air. This characteristic of radiation
heat transfer, i.e. the fact that it does not depend on an
intermediate material as a ecarrier of energy as do conducticon and
convection, 1s one of the primary attributes of interest in the
application of infrared heating to the topside icing problem.
When the electrcmagnetic waves fall on a body which is transparent
to them, such as one's face or the deck, they are absorbed and




their energy is converted into heat. The radiant energy emitted
by a surface depends on the nature of the surface and on its
temperature [32]. At low temperatures the rate of radiation 1is
small and the radiant energy 1is chiefly of relatively long
wavelength. As the temperature is increased the rate of radiation
increases very rapidly, in proportion to the fourth power of the

absolute temperature. At each temperature, the radiant energy
emitted is a mixture of waves of different wavelengths following a
distribution curve. A rough idea of the spectral energy

distribution from a black surface can be obtained from the fact
that about 25% of the energy is radiated at wavelenoths shorter
than the wavelength of maximum emissive power, while about 75% is
radiated at wavelengths longer than the wavelength of maximum
emissive power [33]. At a temperature of 300 °C (572 °F),
practically all of the radiant energy emitted by a body is carried
by waves longer than those corresponding to red light, hence, the
name infrared, or beyond the red. At a temperature of 800 °C
(1472 °F), a body emits enough visible radiant energy to be self-
luminous and appears to be "red hot". By far the larger part of
the energy emitted, however, is still carried by infrared waves.
At 3000 °C (5432 °F), which is approaching the temperature of an
incandescent lamp filament, the radiant energy contains enough of
the shorter wavelengths so that the body appears nearly "white
hot" ([32]. The infrared portion of the electromagnetic spectrum
includes those wavelengths which will produce heat upon being
absorbed by an object, and covers the range of wavelengths from
0.72 to 1000 microns. The range of useful wavelengths for
industrial applications is from 1 to 10 microns. A chart of the
electromagnetic spectrum is shown as Figure 20 [32]. An expanded
presentation of the infrared portion of the electromagnetic
spectrum is presented as Figure 21 [34].

The rate of emission of radiant energy from the surface of a
body is expressed by the Stefan-Boltzmann Law:

q = €CATH (22)
where:

qQ = rate of emission of radiant energy, or the rate of heat
flow, BTU/hr

€ = emissivity of the surface, lying between 0 and 1, depending

on the emitter material, the nature or condition of the
surface, and the temperature

O = Stefan-Boltzmann constant, independent of both surface and
temperature, 1.73 x 10-9 BTU/ft2-hr-R*

A = area of the surface, ft?

T = absolute temperature, ° Rankine.
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Figure 20 - A Chart of the Electromagnetic Spectrum [32]
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ELECTRIC INFRARED AS PART OF THE ELECTROMAGNETIC SPECTRUM
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A good emitter is also a good absorber, and a poor emitter is also
a poor absorber. Also, since every body must either absorb or
reflect the radiant energy reaching it, a poor absorber must also
be a good teflector. Hence a good reflector is a poor emitter,
Any surface which absorbs all of the incident energy and reflects
no radiant energy is called an ideally klack surface, or a
blackbody. The emissivity, €, of an ideally black surface is equal

to unity., For all real surfaces, termed nonblack, it is less than
one. If the emissivity is not dependent on the wavelength, the
surface is called gray. Gray surface characteristics are often
assumed in calculations.

Radiant heat transfer differs from heat flow by conduction or
convection in that the medium through which the heat flow takes
place does not become heated. The mechanism of energy transfer by
radiation is composed of three distinct components: first, the
conversion of the thermal energy of the hot source into
electromagnetic wave motion; second, the passage of the wave
motion through the intervening space, and third, the reconversion
of the wave motion energy into thermal energy by absorption at the
celd body {31]).

Infrared radiant energy is the same type of wave motion as
radio waves, x-rays, and light waves except for the wavelength.
Radiant energy is governed by the same laws of geometric optics as
light: it travels in straight lines, obeys the laws of reflection,
suffers refraction, may be polarized, and is weakened with the
inverse square of the radial distance from a point source of
radiation. When radiant energy falls on a body, part may be
absorbed, part reflected, and the remainder transmitted through
the body. In mathematical form:

X+t p+rT = (23)
where:

x = absorptivity, or the fraction of the total energy

absorbed

p = reflectivity, or the fraction of the total energy
reflected

T = transmissivity, or the fraction of the total energy

transmitted through the body.

If the material 1s opaque to infrared, as are most solids
including glass, the transmissivity is zero. Absorptivities of
different nonmetallic solid materials at ordinary temperatures are
given in Table 9, extracted from Jakob [35]. As pointed out by
Jakob, there are some surprises in -the table. All of the
absorptivities given lie in the range of 0.85 and 1.00, and there
are no great differences due to the roughness or the color of the
surface. For instance, polished light gray marble does not absorb
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Table 9

- . Absorptivity ot Some Non-metallic Surfaces
at Ordinary Temperatures [35]

Hoarfrost, white ..., 0.985
Ice at -9.6 °C Transparent 0.965
Lampblack-waterglass (heavy coat) = ....... 0.965
Asbestos slate Rough 0.960
Water i . 0.950
Lampblack-waterglass (thin coating)  ....... 0.945
Rubber, hard black Glossy 0.9:15
Paper, thin, on black lacquered iron ....... 0.9
Glass Smooth 0.935
Marble, light gray Polished 0.930
Brick, red Rough, but without 0.930
great irregularities
Quartz, fused Rough 0.930
Porcelain Glazed 0.925
Lacquer, white, on copper, heavy coat ....... 0.925
Paper, thin, on tinned iron sheet = ....... 0.920
Enamel lacquer, snow white — [...... 0.910
Roofing paper ... 0.910
Gypsum i ., 0.900
Oak wood Planed 0.895
Rubber, soft, gray @ ..., 0.860
Lacquer, black or white on copper,  ....... 0.850

thin coat
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less than rough red brick or smooth glass. Of particular interest
to this study is the fact that the absorptivity of transparenc
fresh water ice is the same as that of lampblack, equal to 0.965,
and the fact that the absorptivity of hoarfrost, although entirely
white to the eye, is 0.985, and therefore comes closest to the
absolute black body of all substances investigated as yet.
Figures 2, 3, and 4, presented earlier in Section 3 of <this
report, showed the wavelength dependency of the reflectance of sea
ice. The key point here is that these values of absorptivity are
for radiation at ordinary temperatures, or long wave radiation
consisting primarily of wavelengths in the infrared portion of the
spectrum, as opposed to short wave radlation such as that of the
sun. If high temperature, short wave radiation, such as that of
the sun (10,000°) strikes ice or a white surface, the
absorptivity is much less than when it hits a black surface. The
good reflection of sunlight by ice or white fabrics is well known.
It is less well known that the rz:flection of the same bodies is
very small for long-wave radiation.

Lambert's Law states that the emissive pcwer of radiant energy
over a hemispherical surface above the emitting surface varies as
the cosine of the angle between the normal to the radiating
surface and the line joining the radiating surface to the point of
the hemispherical surface. Such radiation 1is called diffuse
radiation [33]. This Lambert emissive power wvariation 1is
equivalent to assuming that radiation from a surface in
a direction other than normal occurs as if it came from an
equivalent area with the same emissive power per unit area as the
original surface. The equivalent area is obtained by projecting
the original area onto a plane normal to the direction of
radiation. Black surfaces cbey Lambert's Law exactly. The law is
approximately true for many actual radiation and reflection
processes, especially those 1involving rough surfaces and
nonmetallic materials., Most radiation analyses are based on the
assumption of gray-diffuse radiation and reflection.

The distribution of radiation from a surface to the surface it
irradiates 1s determined by a gquantity variously called an
interception, view, configuration, angle, or shape factor. In
terms of two surfaces, i1 and j, the shape factor from surface i to
surface j is defined as the fraction of diffuse radiant energy
leaving surface i which falls directly upon surface j. The shape

factor, F,7, between two surfaces is given by ([33]:

Fia=1 J [ €03 ¢, cos §o dA, dA; (24)
Ay Jala,  Tr?
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where:

Fi2_ = -the shape factor between the twc surfuces
Ay, A = the area of the two surfaces
r = the distance between uA; and dA;
®,, ® = the angles between the respective normals to dA,
and dA; and the connecting line r
dA,;, dA; = the elemental areas of the two surfaces.

Numerical values of the shape factor for ccmmon geometries are
given in texts on radiation heat transfer [35]. For the purposes
of this discussion, the key point is that the radiant energy
received varies inversely as the square of the distance letween
the emitter and the receiver. The radiant heat exchange between

two large black surfaces, where area A; is the warmer surface, is
then given by:

Qi2 = O AL Fyp (T3 - T (25)

where:

net heat transferred

area of the warmer surface

Fi2 = a shape factor which accounts for the geometrical
arrangement of the two surfaces based on the area
Ay, and is less than 1.

> O
=~
[T

As a final thought, it is helpful to note that elementary gases
such as oxygen, ritrogen, hydrogen, and halium are essentially

transparent to therxal radiation. Their absorption and emission
bands are confined mainly to the ultraviolet region of the
spectrum. The gaseous vapors of most compounds, however, have

absorption bands in the infrared region. Carbon monoxide, carbon
dioxide, water vapor, sulfur dioxide, ammonia, acid vapors, and
organic vapors absorb and emit sijnificant amounts of energy.
Also, it should he mentioned that radiation exchange by opaque
solids is considered a surface phenomenon. Radiant energy does,
however, penetrate the surface of all materials. The rate of
exponential attenuation of the energy is given by the absorption
coefficient. Metals have large absorption coefficients, and
radiant erergy penetrutes only a fev hurdreid angstrcms at most.
Absorption coefficients for nonmetals are lower. It is therefore
safe to consider radiation heat transfer as a surface phenomenoa
unless the material is transparent tc infrarecd.

Summarizing some of the key characteristic: of infrared radiant
heating for the purposes of thi- study, infrared energy is not
absorbed by the air, and does nct create heat until it is absorbed
by an infrared opaque object. The energy provided by an infrared
heater varies as the fourth power of the emitter temperat: ~e.
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Infrared energy diffuses as a function of the square of the
distance as it travels outward from a point heat source. The
intensity, therefore, decreases in a proportional manner. For
example, at a distance of 20 feet from the heat source, the energy
pattern of radiant heat will cover four times the area covered at
a distance of 10 feet. Conversely, at 20 feet from the heat
source, the intensity of the energy 1is one-quarter of the
intensity developed at 10 feet. A properly engineered system,
therefore, consists of a proper mix of heat source power levels,
the number of units, the mounting distance, the mounting spacing,
and the reflector beam pattern. Reflectors have been designed for
asymmetric, symmetric, or offset patterns.

5.1.2 Infrared Heating Equi

Infrared heaters are generally characterized as compact, self-
contained, high intensity direct heating devices. They are
commonly used for heating in hangers, factories, warehouses,
foundries, and gymnasiums, and for areas such as loading docks,
racetrack stands, under marquees, outdoor restaurants, and around
swimming pools. They are also used for snow melting, control of
condensation, and industrial process heating [36]. Some high-
intensity infrared heaters emit a significant amount of visible
light and have been used for the combined purposes of heating and
illumination. Infrared heating units may be electric powered,
gas-fired, or oil-fired. They consist of an infrared source or
generator operating in a temperature range of from 500°F to
SO000°F. Reflectors are used to control the distribution of the
radiation into specific patterns.

5.1.2.a Gas- and Qil-fired Infrared Heaters

Modern gas-fired and oil-fired infrared radiation heaters use
the burning gas or o0il to heat a specific radiating surface,
generally a ceramic refractory material, to an incandescence
either by direct flame contact or with the combustion gases.
Typically only 10% to 20% of the energy produced by the combustion
of a gaseous fuel 1is delivered as infrared radiant energy. Gas
infrared heaters have been categorized into four types by the
American Society of Heating, Refrigerating, and Air Conditioning
Engineers (ASHRAE) as discussed below. The distinguishing
characteristics of each type are illustrated in Figure 22,
extracted from the ASHRAE Handbook [36].

Type 1., Indirect infrared radiation units which are internally
fired and have the radiating surface between the hot gases and the
load. Combustion takes place within the radiating elements, which
may be ceramic or metallic, tubes or panels, and which operate
with surface temperatures up to 1200°F. The tube type generally
consists of an aluminized steel tube emitter with a gas burner at
the inlet end. The burner discharges into the tube where the hot
products of combustion move through the tube, and discharge out a
vent to the outside. Typical ratings for individual tube type
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units are from 20,000 to 120,000 BTU/hr. Oil-fired infrared
radiation heaters are similar to the gas-fired Type 1 units.

Type 2. Porous refractory infrared units. In this type of
gas-fired infrared heater, the refractory material may be porous
ceramic, drilled port ceramic, perforated stainless steel, or a
metallic screen. A combustible gas-air mixture enters the
enclosure, flows through the refractory material to the exposed
face, and is evenly distributed because of the porous nature of
the refractory. Combustion occurs evenly on the exposed surface,
heating it to produce radiant energy to add to that produced by
the flame itself. Surface temperatures up to 1650°F for
atmospheric burners, and 1800°F for power burners, are achievable.

Type 3, Direct fired refractory infrared radiation units. 1In
this type of unit the flame or hot gas impinges on the radiating
side of an open refractory surface. Surface temperatures of
1650°F to 2800°F are achievable.

Type 4. Catalytic oxidation infrared radiation units. This
type of unit is similar to the Type 2 heater in construction,
appearance, and operation, but the refractory material is usually
glass wool and the radiating surface is a porous catalyst bed that
causes oxlidation to proceed without visible flames.

These and other characteristics of typical gas-fired infrared
heaters are summarized in Table 10. Key information presented in
the table for the purposes of this study includes the fact that
the maximum operating temperature that can be realized from gas-
fired infrared heaters 1s relatively 1low, at about 2800°F, and
that the radiation generating ratio, defined as the ratio of
radiant output to fuel energy input, is in the range of only 35%
to 60%.

5.1.2.b Electric infrared Heaters

Electric infrared heaters use heat produced by current flowing
in a high resistance wire or ribbon. There are a wide variety of
types available with the main differences being in the way the
wire or ribbon is supported, and the way the heat is transferred.
As was the case for the gas-fired units, ASHRAE has categorized
electric infrared radiant heaters into four types as discussed
below. The features of each type are illustrated in Figure 23,
extracted from the ASHRAE Handbook [36].
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Characteristics of Typical Gas-tired Infrared Heaters [36]

Characteristic
Operating temperature, °F

Relative heat intensity (1)
BTU/hr sf

Response time, sec
Radiation gen. ratio (2)
Thermal shock resistance
Vibration resistance
Color blindness (3)
Luminosity

Mounting height, ft
Wind resistance

Venting

Flexibility

Notes:

Table 10

’1222_1
to 1200

Low
to 7,500

180

0.35 - 0.55
Excellent
Excellent
Excellent

To Dull Red

7 to S0
Good
Optional

Good

Iype 2

1600 - 1800

Medium
to 32,000

60
0.35 - 0.60
Excellent
Excellent
Very Good
Yellow Red
7 to 50
Fair
Nonvented

Excellent

Iypa 3

1650 - 2800

High
to 62,000

60

0.35 - 0.50
Excellent
Excellent

Good
To White
No data

Fair
Nonvented

Excellent

1. Relative heat intensity is measured at the burner surface.
2. Radiation generating ratio is the ratio of radiant output to fuel

energy input.

Iype 4
650

Low
to 3,000

300
No data
Excellent
Excellent
Excellent
None
To 10
Very Good
Nonvented

Limited

3. Color blindness refers to absorptivity by various loads of energy
emitted by the different sources.

- 104




TYPE 1

ELECTRICAL
REFRACTORY
MATERIAL
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SUPPLY = 7 NICKEL CHROMIUM
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STEEL ALLOY SHEATH

(a) METAL SHEATH ELEMENT

TYPE 2
SCREW BASE
INSIOE
REFLECTOR

REGULAR OR
4 A HEAT-RESISTANT
GLASS ENVELOPE

(b) REFLECTOR LAMP ELEMENT

TYPE 3

END CAPPED BUT-] QUARTZ ENVELOPE
NOT SEALED

NICKEL CHROMIUM
RESISTOR WIRE

POWER
SUPPLY

CONNECTION
(c) QUARTZ TUBE ELEMENT
TYPE 4
LAMP SEAL TANTALUM SPACER
POWER—"]
ey
T |
CONNECTION sist
FILLED WITH
INERT GAS
ANO SEALED

(d) TUBULAR QUARTZ LAMP ELEMENT

Figure 23 - Characteristics of Electric Infrared Heaters [36]
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Type 1, Metal sheath infrared radiation elements. These
elements are composed of a coiled nickel-chromium heating wire
that is embedded in an electrical insulating refractory of
magnesium-oxide powder encased by a metal inconel tube. These
elements are the most rugged of the four types, having excellent
resistance to thermal shock, vibration, and impact. 1In addition,
they can be mounted in any position. Metal sheath elements attain
a sheath surface temperature of from 1200°F to 1800°F. These
elements are generally mounted in a fixture incorporating a
reflector which aids in directing radiation to the load. They
have the poorest radiant efficiency and the slowest heat up and
cool down times of the electric units. A variation of the metal
rod radiant heating element 1s the ceramic infrared radiant
heating element. In this type of element, the nickel chrome
resistance wire 1s cast within a glazed ceramic surface. The
glazed ceramic surface protects the element from the effects of
atmospheric oxidation and corrosion.

Type 2, Reflector lamp infrared radiation units. These units
have a coiled tungsten filament which approximates a point source
radiator. The filament is enclosed in a heat-resistant, clear,
frosted, or red glass envelope which is partially silvered inside
to form an efficient reflector. The temperature of the element is
normally 4050°F. These units, more commonly known as heat lamps
or sun lamps, can be screwed into an ordinary 120 volt 1light
socket, but have very limited output capacity.

Type 3, Quartz tube infrared radiation unit. This type of
unit has a coiled nickel-chromium wire lying unsupported within an
unevacuated fused quartz tube, which is capped, but not sealed, by
porcelain or metal terminal blocks. Translucent fused quartz
provides the highest infrared transmission capability of any
material available. These units are easily damaged by impact and
vibration, but stand up well to thermal shock and splashing. They
must be mounted in a horizontal position to minimize problems of
coil sag, and are usually used in a fixture that contains a
reflector which aids in directing radiation to the load. Normal
operating temperatures range from 1300°F to 1800°F for the coil,
and about 1200°F for the tube. Visually they have a bright orange
glow. They are intermediate of the large capacity electric types
in radiant efficiency, heat up and cool down time, moisture
resistance, and mechanical ruggedness.

Type 4. Quartz lamp infrared radiation unit. A typical quartz
lamp element consists of a 0.38 inch diameter fused quartz tube
containing an inert gas and a coiled tungsten filament that is
held in a straight 1line and away from the tube by tantalum
spacers. Filament ends are embedded in the envelope end sealing
material. Common lamps must be mounted horizontally, or nearly
so, in order to minimize filament sag and overheating of the
sealed ends. Specialized lamps with supported elements are
available for vertical mounting. Quartz lamp filaments generally
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operate at 4050°F, while the envelope generally operates at about
110Q°F. Visually, they have a high brightness. The envelope
material can be clear, translucent, or frosted quartz, and can be
provided with an integral red filter if it is necessary to reduce
the visual brightness. Their radiant efficiency is substantially
higher than that of the other industrial types. In addition, they
have the fastest heat up and cool down time, the highest moisture
resistance, but the lowest mechanical ruggedness. They are the
only type of electrical radiant heater recommended for outdoor
use, and they are specifically identified as the only type of
element to be used for all snow and ice control applications.

These and other characteristics of electric infrared radiant
heaters are summarized in Table 11. For industrial applications,
the straight metal rods are recommended only for unique
applications with an extremely high vibration environment, in all
other cases, a quartz tube is recommended as a better choice.
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Table 11

Chﬁfﬁéterlstlcs of Electric Radlant Heating Elements [36]

Iype 2

Iype 3

Iype 4

wwww

Characteristic @ = Iype 1
Element Nickel chrome
Heat intensity Medium
Watts/inch 60
Resistor temp,°F 1750
Envelope temp,°F 1550

Radiation gen ratio (1) ¢.s8

Response time, sec 180

Luminosity Low dull red
Thermal shock resis Excellent
Vibration resistance Excellent
Impact resistance Excellent
Moisture resistance Lowest
Available power, W 300-4500
Wind resistance Poor
Mounting position (2) Any

Envelope material Steel alloy

Color blindness (3)  very good
Flexibility Good
Life Expectancy, hr Over 5000

Applications

high vibration

Tungston

High
125-375/apot

4050
525-575
0.86
Few
High
Excellent
Medium
Medium
Medium
125-375
Excellent
Any
Glass
Fair
Limited

5000

Indoor spot and Indoor spot
area heating with

heating
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Nickel chrome

Medium to High
75

1700
1200
0.61

60

Low orange glow

Excellent
Medium
Poor
High
450-3200
Medium
Horizontal
Quartz
Very good
Excellent
5000
Indoor spot

and area
heating

Tungston

High
100

4050
1100
0.86
Few
High
Excellent
Medium
Poor
Highest
500-3650
Excellent
Horizontal
Quartz
Fair
Limited

5000

Outdoor and
indoor, all
snow/ice control



Table 11 (Cont)

Characteristics of Electric Radiant Heating Elements [36]

Notes:

1. Radiation generating ratio is defined as the ratio of radiant
output to Watt input.

2. Quartz tube and quartz lamp elements can be provided with

special internal supports for other than horizontal use.

3. Color. blindness refers to absorptivity by various 1loads of

energy emitted by the different sources.
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5.2 Performance Requirements for Infrared Antl-icing and Deicing

A judgement of the practicality of using infrared heating for
UNREP anti=icing and deicing can be made on the basis of first
estimating the heating requirements for selected representative
anti-icing and deicing scenarios, and then assessing the ability
of an infrared system to meet those heating requirements. If the
gross engineering requirements can be satisfied by infrared
systems, then the practicality of installing hardware in shipboard
applications can be determined and the feasibility determined. 1In
the first phase of this program (1), infrared heaters were
identified as having potential application for both anti-icing and
deicing. In the anti~icing application the objective is to keep
the surface or equipment of interest slightly above the freezing
point of both sea water and fresh water, say at about 35°F, so
that neither the sea spray nor precipitation will freeze to the
surface. In the deicing application, the assumption made is that
no action is taken during the icing event itself, rather, upon
completion of the icing event action is taken to remove the
accreted ice.

5.2.1 Design Condit

The first task in assessing the ability of infrared systems to
meet the anti-icing and deicing heating requirements is to select
approprsiate design ambient conditions, primarily the air
temperature and the wind speed, and the thickness of the accreted
ice in the deicing situation, The General Specifications for
Ships of the United States Navy [37] requires that, for normal
operations, exposed equipment and machinery be designed for a
minimum air temperature of -20°F at a wind speed of 40 knots. For
cold weather operations, exposed equipment and machinery are
specified to be designed to a minimum air temperature of -40°F and
a wind speed of 70 knots. The fact that a typical Top Level
Requirement [38] for the design of a major surface combatant
specifies the upper limit of capability for underway replenishment
and strikedown to be at sea state 5, with a corresponding mean
wind speed of 24.5 knots, is irrelevant, at least in the case of
the anti-icing scenario. In this study the concern is not with
the worst conditions under which UNREP would take place, but
rather, the worst conditions under which the anti-icing system
must prevent the formation of spray ice on the deck and equipment.

As reported by Minsk (2], it 1s generally agreed that there is
a minimum temperature below which topside icing is no longer of
concern, but unfortunately, there 1s not agreement on the value of
that limiting temperature. The ratiocnale for believing in the
existence of a limit is sound, being based on the fact that at
some low temperature all the sea spray freezes before striking the
ship, therefore, the material striking the ship consists of small
and dry ice crystals which do not adhere to the ship or equipment
surfaces. Minsk reports that a number of Russian sources claim
that this temperature is around 0°F. Again as reported by Minsk,
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the Russians show data on icing incidence for Soviet ships
operating in both the northern Atlantic and Pacific Oceans which
show that most icing incidents occur when the air temperature is
in the rangs of +32°F to +5°F, with a sharply reduced number of
occurrences when the air temperature is in the lower range of +5°F
to =5°F. Whether this results from the mechanism previously
described, or whether it simply reflects a possible lower
incidence of operations in the more extreme low temperatures is
not resolved. Minsk also states, however, that actual shipboard
observers have reported that icing can occur at temperatures as
low as =20°F, Even this value, however, is not established by
Minsk as a lower limit. Therefore, while there is no firm basis
for setting a lower limit of temperature for the occurrence of
topside icing, based on the present state of knowledge it seems
reasonable for the purposes of this study to establish -20°F as a
practical lower limit of air temperature for the occurrence of
topside icing.

As a further consideration, in a study concerned with the new
design of conventional major surface combatants for cold weather
operations, Schultz [27] determined that a minimum air temperature
of -20°F roughly corresponded with the boundary for the 50%
concentration of floating ice, the ice condition recommended as
the limiting condition for a Marginal Ice Zone (MIZ) Augmented
ship defined in that study. The concern for the lower cold
weather design temperature of -40°F was associated with in-port
periods rather than at-sea periods, and therefore is felt to be
not as applicable to UNREP considerations. For this study,
therefore, in view of all of these considerations, a design
condition of a minimum air temperature of -20°F was selected for
the analysis of infrared icing countermeasure systems.

The most appropriate wind speed to be used in the analysis is
also not obvious. The wind speed normally associated with the
temperature limit of -20°F is 40 knots. However, the speed of
importance to the heat transfer process is not the true wind
speed, but rather the wind speed relative to the ship. Major
surface combatants typically operate in Battle Groups at a speed
of around 20 knots. UNREP typically takes place at speeds of 12
to 15 knots. Top speeds are typically in excess of 30 knots. A
40 knot wind, however, corresponds to sea state 6, with wave
heights of 13.1 to 19.7 feet. It is doubtful that under normal
conditions a major surface combatant would be operated in sea
state 6 at anywhere near top speed, and probably not even at the
typical Battle Group speed of 20 knots. It would therefore seem
safe to assume that a reasonable upper limit on relative wind
speed would be 60 knots, the true wind of 40 knots plus the ship
speed of 20 knots dead into the wind.

The design conditions for the heat transfer analysis of topside
icing are therefore established for this study as a minimum air
temperature of -20°F and a relative wind speed of 60 knots. For
the thickness of accreted 1ice in the case of the deicing
situation, in the study previously referred to concerned with the
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new design of conventional major surface combatants for cold
weather operations, Schultz (27] recommended that the design
thickness of accreted ice be increased from the current value of
about 1.75_inches, established by the General Specifications [37],

to 3 to 5 inches. This range of the thickness of accreted spray
ice can be used for further analysis.

522 Heating Load for Anti-ici

The statement of the heat transfer problem for an anti-icing
situation is to maintain the surface of the portion of the working
deck area of interest at a temperature of 35°F under conditions of
an ambient air temperature of -20°F and a relative wind of 60
knots along the deck. The heat transferred from the deck to the
air, which in turn must be supplied to the deck surface by the
infrared heating system, can be estimated by using the following
relation from Jakob {35] for forced heat convection in turbulent
flow parallel to a plane plate at uniform temperature:

qp' = 0.0366 p Cp vg g L [v/(vg L' (26)

where:

do' = rate of heat flow per unit width from a surface of
length L in the flow direction, BTU/hr ft
p = density of air, lbm/ft3

= gspecific heat at constant pressure, BTU/lbm °F
Vg = velocity, ft/hr

O
©
1

©p = temperature differential, °F
L = length, ft
V = kinematic viscosity, ft?/hr.

For air at -20°F and atmospheric pressure, the values of the
physical properties needed are:

p = 0.0903 1bm/ft?
Cp = 0.2397 BTU/1lbm °F

v =0.421 ft2/nr.

For a temperature differential of =-20°F to 35°F, or 55°F, and a

velocity of 60 knots, equivalent to 364,800 ft/hr, Equation 26
becomes:

Qo' = 1032 L%/5 BTU/nr per foot of width. (27)

A feeling for the power density required at the deck can then
be obtained by considering two specific situations. First, for a
refueling station deck area taken as 100 feet long by 5 feet wide,
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the heat transferred from the decx to the air is 205,425 BTU/hr,
or about 60 kW. The power density required to be delivered to the
deck by infrared heating is, therefore, in the mixed units
commonly wused by the infrared heating industry, about 120
Watts/ft?. For a second situation, taken as a 20 foot by 25 foot
UNREP deck work area, the rate of heat transfer from the deck to
the air as determined by Equation 27 is 283,425 BTU/hr, or about
83 kW. The power density required to be delivered to the deck by
infrared heating for this situation 1is therefore about 166
Watts/ft?,

5.2.3 Heating Load for Deigi

For the deicing situation, it is assumed that the icing event
proceeds to completion, and some significant period of time on the
order of hours elapses before the deicing activity gets underway.
In this worst case scenario, the heat load for the deicing task
consists of the heat load associated with the melting of the
accreted ice, the heat 1load associated with raising the
temperature of the ice up to the melting point from the ambient
temperature of -20°F, plus the anti-icing heat load discussed in
the preceding section since the heat transferred from the warmed
ice to the cold high velocity air would be essentially the same as
that transferred from the warmed deck to the air. The energy
requirements of the deicing scenario are therefore substantially
greater than those associated with the anti-icing scenario. As a
result, it is clear that if an infrared heating system were
installed on board ship it should be used as an anti-icing system
rather than a deicing system. 1In ordex> to get some feel for the
magnitude of the numbers, the addicional heating beyond that
required for anti-icing in order to warm the ice up to the melting
point, and then to melt the ice is given by:

Q" =whi(cp©+nr) (28)
where:

Q" = heat required per unit area, BTU/ft?2
W = specific weight of the ice, 1lb/ft3
N = thickness of accreted ice, feet

Cp = specific heat of the ice, BTU/lb °F
© = temperature difference, °F

Nr = heat of fusion of the ice, BTU/lb.
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For the temperature difference of =-20°F to 28°F, or 48°F, and the
following representative property values for the accreted sea
spray ice selected from the tabular data provided by Minsk ([2]:

w' = S50 1b/ft?
Cp = 0.581 BTU/1lb °F
hr = 160 BTU/1b,

the heat required per unit area i1s given by:

Q" = G379.4 BTU/ft? per foot of thickness of
accreted ice. (29)

For the ice thicknesses discussed previously of 1.75, 3, and 5
inches, the heat required per unit area is, then, 1368, 2345, or
3908 BTU/ft?2. 1If it is assumed, for the sake of discussion, that
the energy lost to the air is zero, that is, all the energy
provided goes into raising the temperature of the ice up to the
melting point and melting the ice, then the same order of power
density determined above for the anti-icing application of about
150 Watts/ft? (512 BTU/hr ft?) would result in melting the 1.75
inches of 1ice in 2.7 hours, melting the 3 inches of ice in 4.6
hours, and melting the 5 inches of ice in 7.6 hours. These zero
heat loss melt times give an indication of the deicing
capabilities of the infrared heating systems. These deicing times
are reasonable, but, again, it 1is empasized that the preferred
approach 1i1s to use the infrared heating system for anti-icing
rather than deicing.

5 54 Desian Heating Load

Based on the requirements established for the two anti-icing
scenarios, and recognizing that anti-icing rather than deicing is
the preferred approach having the 1less demanding energy
requirements, it is concluded that the design heating load for the
heat energy required from the infrared heaters at the deck should
be based on the more severe anti-icing requirement of about 166
Watts/ft?. For the purpose of selecting hardware for a prototype
system, the nominal heating czpacity should be in or near the
range of 150 to 200 Watts/ft?, If the more practical system
hardware tends toward the lower limi., or even falls somewhat
below the limit, prototype equipment can still be sized for
further evaluation since, in most occurrences, the rather severe
design conditions assumed provide for a significant margin in
capability. On the other hand, it is always advisable to be
conservative in the sizing of equipment for a prototype system and
provide for a significant level of capacity margin, recognizing
that system capacity can be reduced in the final design if
operating experience with the prototype system indicates that such
is possible.




5.3 Selection of Heater Type

The first step in selecting an infrared heater for application
to shipboard UNREP anti-icing applications is to choose from among
the gas-fired, oil-fired, and electric types. The design
condition defined in the previous section of this report,
consisting of a heating requirement of 150 to 200 Watts/sf at the
deck, is a very demanding requirement for any type of heater, even
for the case of strip heaters mounted on the underside of the
deck. Based on the discussion of infrared heating fundamentals
presented in Section 5.1, the selection is quickly directed to a
heater with the highest emitter temperature, since the heat output
varies as temperature to the fourth, and a heater with the highest
radiation generating ratio. Both of these major considerations
favor the selection of electric heaters over gas-fired or oil-
fired heaters. As shown in Tables 10 and 11, the operating
temperature of oil-fired infrared heaters, comparable to the Type
1 gas-fired units, is typically in the neighborhood of 1200°F,
while gas-fired units are available with operating temperatures up
to 2800°F, and the quartz lamp electric units with tungston
filaments operate at 4050°F., Also as indicated in the tables, the
radiation generating ratio of oil-fired and gas-fired units is in
the range of 0.35 to 0.60, while for the quartz lamp electric type
the ratio is 0.86. For the high energy levels required for this
application, therefore, the quartz lamp type of electric infrared
heater, Type 4, has very fundamental and significant technical
advantages over the other types of infrared heaters. Further, as
indicated in Table 11, in comparison to the other types of
electric infrared heaters, the gquartz lamp heater has the
advantages of an excellent resistance to thermal shock, excellent
resistance to wind, and the highest moisture resistance. Also, as
previously discussed, the electric quartz lamp heater is the only
type of infrared heater recommended by the manufacturers for
outdoor use, and for all snow and ice control applications.

While the selection of the quartz lamp electric infrared heater
can be Jjustified on the above considerations alone, practical
shipboard applicaticr considerations further support this
selection. Gas-fired units are not appropriate for shipboard use
since propane is not allowed on Navy surface ships for safety
reasons. Further, if it were necessary to proceed with gas-fired
units, their use would require introduction of an entirely new
item into the supply system. Gas-fired infrared heaters are
therefore clearly inappropriate for shipboard use. While the
installation of oil-fired units on board ship would be possible,
in comparison to the installation of electric units, an oil-fired
installation 1is 3Jjudged to be orders of magnitude greater in
complexity and cost. For all practical purposes, the electrical
capacity 1s generally available, and the electrical distribution
system is in place and available for use, whereas the distribution
system for an oil-fired system is not. Practical installation
considerations, therefore, totally eliminate the gas-fired
infrared heaters from consideration, and strongly favor the
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selection of electric infrared heating over oil-fired systems for
the shipboard UNREP anti-icing application.

5.4 Search of Manufacturers of Infrared Heating Equipment

A search for manufacturers of infrared heating equipment was
conducted based primarily on the use of the Thomas Register [39]
and the Product Specification File of the American Society of
Heating, Refrigerating, and Air Conditioning Engineers (ASHRAE)
[40). The results of the search are summarized in Table 12. For
the purposes of this study, the manufacturers can be grouped into
two categories, manufacturers of infrared process heating
equipment, and manufacturers of infrared space heating (more
accurately people heating in open spaces) equipment. 1In general,
the manufacturers oriented toward space heating were much more
interested in discussing the anti-icing application than were the
manufacturers oriented toward process heating. In process heating
applications, infrared heaters are generally used in very close
proximity to the heated material, typically measured in inches.
Examples of process heating applications include plastic forming,
print ink drying, drying and curing adhesives and coatings on
various substrates, laminating, drying of textiles, and curing of
rubber products. The reaction of process infrared heating people
to the requirement for mounting the heaters some 8 to 50 feet from
the surface to be heated generally was one of panic. Only one of
the many process heating oriented manufacturers, The Thermal
Devices Division of John J. Fannon Co., Inc., was interested in
seriously considering the application.

The manufacturers of infrared space heating equipment could be
further subdivided 1into those oriented toward industrial
applications and those producing what are termed architectural
infrared heating panels. The latter products are low temperature,
low capacity units represented by the drop-in heated ceiling
panels for suspended office or commercial ceilings that are
sometimes used around the interior perimeter of a building to
supplement the main heating system near high heat loss window
walls., Such units are clearly not applicable to the shipboard
UNREP anti-icing application. Manufacturers of industrial space
heating equipment expressed the most interest in this application.
In addition, it appears that the number of suppliers of infrared
heating equipment i3 substantially greater than the number of
actual manufacturers; that 1is, in an effort to offer a more
complete line of heating equipment, a supplier will simply relabel
and repackage a heater manufactured by another company as its own.

Of particular interest when the search was begun were those
manufacturers who stated that they had snow and ice control
experience, and those offering a broad based, comprehensive line
of heating equipment of all types. In the case of those suppliers
offering a comprehensive line of all types of heating equipment,
such as Chromalox and Wellman, an initial enthusiastic expression
of interest ultimately gave way to an election of not pursuing the
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application. The identification of manufacturers having snow and
ice control experience was felt to be of great importance on two
counts. First, the vast majority of infrared heating applications
are for building interiors where the heaters have no exposure to
the elements. The snow and ice control applications generally
have at least partial, if not total, exposure to the elements.
Second, the use of infrared heaters for snow and ice control on
sidewalks, driveways, and parking garage ramps was felt to be as
close to the UNREP anti-icing application as could be achieved.

As indicated in Table 12, the suppliers advertisin~ snow and
ice control experience include Aitken Products, Fostoria, Markel,
and Tempco. Of these, Fostoria emerged as the clear front runner
in snow and ice control experience by a very substantial margin,
Markel quickly stated that their infrared units were manufactured
by Fostoria and referred the inquiry to Fostoria. Tempco
representatives seemed surprised to 1learn that snow and ice
control was listed in their catalogue as an application for

infrared heating. Fostoria also demonstrated the greatest
interest in the shipboard UNREP anti-icing application by a very
substantial margin. Fostoria was therefore selected as the

recommended hardware supplier for the prototype shipboard infrared
UNREP deicing system.

- 117 -




Table 12

. .Manufacturers of Infrared Heating Equipment

Aitken Products, Inc. Geneva, OH 216-466-5711
Snow melting experience; limited line of quartz lamp heaters

American Infra-Red Detroit, MI 313-824-0841
Gas fired infrared; 20,000 to 100,000 BTU/hr input

Aztec Albuquerque, NM 505-884-1818
Low temperature radiant ceiling panels for offices; 250 to 1500 w/panel

Baume Corp. Cinnaminson, NJ 609-786-1444
Custom manufacturer of quartz infrared elements, not heaters

Chromalox Pittsburgh, PA 412-967-3800
Limited line of radiant heaters

Delta T Products, Inc. Butler, NJ 201-492-1533
Custcm industrial infrared heating systems

Detroit Re-Verber-Ray Warren, MI 800-222-1100
Gas fired portable and commercial units; 16,000 to 160,000 BTU/hr

Drypoll Inc. Flushing, NY 718-353-3426
Only ceramic heaters, only for process use

Fannon Thermal Devices Mt. Clements, MI 313-263-8850
Gas and electric infrared industrial processing ovens

Fostoria Fostoria, OH 419-435-9201
Broad range of commercial and industrial infrared heaters of all types;
snow and ice control experience; 300 to 3650 W (1000 to 12,500 BTU/hr)

Grainger Chicago, IL 312-647-8900
Portable electric and LPG infrared heaters

Markel Buffalo, NY 716-691-3001
Advertised snow and ice control experience; units manufactured by
Fostoria; referred to Fostoria

Marsden Pennsauken, NJ 609-663-2227
Gas fired radiant strip process heaters

Oal Associates, Inc. Escondido, CA ' 619-743-7143
Process and laboratory infrared ovens

Protherm So. St. Paul, MN 612-450-4702
Electric industrial process infrared heaters

Radiant Heat Coventry, RI 401-822-0360
Electric infrared industrial process heaters, primarily textile industry

Radiation Systems, Inc, Wyckoff, NJ 201-891-7515
Industrial infrared heat processing equipment
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Table 12 (Cont)

fanufacturers of Infrared Heating Equipment

Research, Inc. Eden Prairie, MN 612-829-7481
Process and laboratory heaters

Rcberts-Gordon Buffalo, NY 800-828-7450
Low intensity commercial gas-fired infrared heaters; 20,000 to 150,000
BTU/hr

Tempco Electric Heater Corp. Wood Dale, IL 312-350-2252

Limited line of infrared heaters for process baking applications, but
snow and ice control experience listed

Therma~Tech S. Paterson, NJ 201-345-0076
Electric infrared panel heaters for process systems

Wellman Shelbyville, IN 317-392-5329

Metal sheath, quartz lamp, and quartz tube; limited line and apparently
limited experience with infrared applications
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5.5 Intrared Snow and Ice Control Experience

In discussing this application with manufacturers of infrared
heating equipment, a common response was that the problems of
engineering an infrared heating application were associated with
the height, the "throw" or radiant energy distribution, and how to
control it. A great deal of misinformation exists in the field,
with rigid requirements stated on the basis of what was required
in scme previcus application to make the system work properly,
while the original engineering justification was totally lost in
the process. For example, the vast majority of the process
heating manufacturers simply stated that infrared would not be
suitable for this application because of the "tremendous” height
of 8 feet at which the heater would have to be mounted in one
application configuration. Another manufacturer was even more
extreme, stating that the 8 foot mounting height was far too great
a distance from which to heat the deck, and too little a distance
for safe personnel clearance. 1In applying infrared heating to the
shipboard UNREP anti-icing application, therefore, it is essential
to keep the engineering fundamentals of infrared heating in mind
for interpreting and evaluating the applicability of the various
"absolute truths” stated by the wvarious manufacturers either
informally or in official applications guides.

As indicated in the previous section of this report, several
manufacturers of electric infrared heating equipment listed snow
and ice control as an appropriate application for the equipment.
Only one manufacturer, however, Fostoria Industries of Fostoria,
Ohio, went beyond the listing in their literature to present
actual guidelines for snow and ice control applications, and to
give an example. Fostoria's guidelines for the application of
infrared heaters to snow and ice control arec presented in their
entirety on page 21 of their Electric Infrared Heating Manual
[34]. This page of the Manual is reproduced as Figure 24. As is
typical for the industry, the guidelines are presented in
engineering handbook fashion as a series of rules stated without
explanation. The first "principle" states that only the quart:z
lamp type of infrared heater should be used for snow and ice
control applications. The unstated reasons for this are assumed
to be that relatively high outputs are typically required for snow
and ice control applications, and the fact that the quartz lamp
heater has the greatest moisture resistance. The second
"principle” simply states that of the various types of Fostoria
infrared heating fixtures, only the Mul-T-Mount fixture series is
suitable for completely exposed outdoor installation. The third
"principle”, suggesting the use of the most focused reflectors, is
assumed to again result from the typically relatively high heating
requirement, and the desire to minimize the diffusion of the
energy. The fourth "principle" suggests mounting heights of 8 to
10 feet, and states that the units should never be mounted above
14 feet. This requirement again reflects the high heat 1load
expected in general, and, more importantly, the tie-in to the
power density requirements given in Table B of Figure 24 in
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SNOW AND ICE CONTROL

Principles:
1) ALWAYS use clear quartz famps as proper element selection. NEVER use any other element.

2) ALWAYS use the Mui-T-Mount series. The Mul-T-Mount units are UL approved for both semi-exposed and completely
exposed areas. B

3) For BEST results use the 30° symmetric or asymmetric units (30, A30, A31). SATISFACTORY results can be obtained
when using 60° symmetric or 60° asymmetric patterns in semi-protected or shielded areas. If 60° heat pattern is re-
quired for exposed areas, consult factory for watt density. NEVER use 90° pattern for snow and ice control.

4) Table B shows watt densities needed when units are mounted at 8 ' - 10 . For best results strive for this 8 - 10" ievel.
Consult factory for densities required when mounting above 10'. NEVER mount above 14",

5) Strive for blanket coverage.

Snow Control Factors

To determine the watt density of infrared required for any area, see Table 4 (located at the back of the manual) to obtain
outside design temperature (}) and annual snowfall (ll). From Table A, obtain the value for each tactor, and add Factor |
and Factor Il together. Refer to Table B to obtain watt density based on the total value.

Table A
Factor | Factor It
Outside Design Temp. °F Value Annual Snowfall Value
~-20°to —-60°................... 4 80"to 115" .. ... 4
-10°to =19°. ..., 3 50" t0 79" . 3
0°to -9° .. ... 2 20"to 497 ...l 2
+19°10 +1°% ... il 1 107t0 19" ..., 1
+40°t0 +18°................... 0 0"to 9" .. ... ...l 0
Table B
Watt Densities per Square Foot
Total Value *Exposed *Semi-Protected *Protected
8 200 185 160
7 175 160 145
6 125 110 100
5 110 100 90
4 100 90 85
3 95 80 75
2 90 70 65

*‘Exposed = Totally open area
*Semi-Protected = One side closed plus roof or overhang
*Protected = Three sides closed plus roof or overhang

Example: Albany, New York has an outside design temperature of — 6° or a Factor | value of 2. The yearly mean snow-
fall is 65.7 inches or a Factor |l value of 3. The total value is §; therefore the watt density needed for an expos-
ed area is 110 watts per square foot.

Figure 24 - Snow and Ice Control Guidelines as Presented by Fostoria [34].
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particular. This "principle" could be more accurately stated as
never mount above 14 feet if Tables A and B of Figure 24 are to be
used for guidance in the design of the system. The final
"principle™ 'stated, that of striving for blanket coverage, again
reflects the expected high heating loads associated with snow and
ice control applications. While the detailed handbook design
process given in Figure 24, which is based on outside design
temperatures and annual snowfall data for specific geographic
locations, dc=s not directly apply to the shipboard UNREP anti-
icing application, it is of interest that the unit power densities
presented in Fostoria's Table B do extend to as much as 200
Watts/ft2.

As an example of a snow and ice control application Fostoria
presents a flier on Case History 72, incorporated here as the two
page Figure 25, Paired asymmetric fixtures are mounted at a
height of 18 feet (in violation of Principle No. 4) to heat an
area of 50 feet by somewhat greater than 20 feet under the main
entrance canopy of a condominium. The second page of the case
history flier shows the use of infrared heaters for snow and ice
control at the entrance and exit ramp of the condo's underground
parking garage. In the open area of the entrance, the heaters are
mast-mounted at a height of 12 feet in specially designed T-bar
frames. In the covered part of the ramp area, the units are angle
mounted at a height of 6 feet. These applications illustrate
several points. First, the units can be mounted at reasonably
high elevations and the power density increased by ganging
multiple units together. A limit 1is achieved for any given
elevation when the maximum output units are used, and mounted
directly in contact with each other. Second, the mast mounted
arrangement brings to mind the possibility of ship-mounted mast or
catwalk configurations of infrared heaters. Third, concerns of
mounting the heaters as close as eight feet from people were
clearly overcome in the six foot application cited. 1In addition,
this application brings to mind the installation of corner mounted
units on an exposed bulkhead where there is no overhead on which
to mount the standard suspended units, such as at a refueling
station on an exposed and unsheltered weather deck. All of these
points will be discussed further in the applications analysis
section of this report.
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Harbor Point Condominium ¢ 155 Marbor Drive ¢ Chicago, iL

Located just off Lakeshore Drive in the heart of
Chicago. this installation is a showpiece for snowiice
controi and peopie comfort. Harbor Point, with its
park and lakefront setting, became a beautiful addi-
tion to Chicago's skyline when construction was
completed in 1974.

Mounted under the main entrance canopy are 22
units of Model 222-A30-TH Mul-T-Mount, with clear
quartz lamps. The heaters are mounted at 18", cov-
ering an area 50 wide by 20’ in depth. Heaters are
recess mounted in a specially designed black canopy
to match the existing architecture.
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Underview Main Entrance Canopy

Infrared heat gives warmth and comfort for people entering
or exiting the building or waiting under the canopy. The
heat pattern also extends beyond the front of the canopy to
keep exposed pick-up area free of ice/snow and moisture.
This helps avoid an accumulation of slush which would
normally be tracked into the buiiding.

Figure 25 - Fostoria Snow and Ice Control Case History
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The up-down ramp leading to an underground parking garage for
the condominium presented a critical snow/ice control problem
due to the degree of incline. Specially designed T-bar frames
were built to house 12 each 222-A30-TH Mul-T-Mount heaters
equipped with clear quartz lamps. These are mounted at a 12°
height from the ramp surface. The asymmetric 30° fixtures were
mounted in two rows back to back to provide a combined heat
pattern of 60° yet utilizing the high efficiency 30° reflector.

The last photo displays the continuation
of the ramp going underground. This
semi-exposed snow/ice control area
utilizes 28 of Model 222-A60-TH mounted
at the center of the ramp at a 6 dis-
tance from the surface. Using Fostoria’s
CHB2AX, the units are tilted 15° toward
the ramps.
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End View — Ramp Going Underground

Figure 25 -

Fostoria Snow and Ice Control Case History (Cont.)
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5.6 . Safety and Operational Concerns Associated with
- . Infrared Anti-icing and Deicing

Several concerns related to the personal and operational safety
of using infrared heaters for shipboard anti-icing and deicing
were raised in the concept development phase of this study of
northern latitude UNREP, Each of these concerns is addressed
individually in the following sections of the report.

5.6.1 Radiation H I

The only conceivable hazard to personnel associated with
infrared heat is the normal risk of working in close proximity to
any heat source, the risk of being overheated. Personnel will
readily detect any overheating and can then take simple corrective
action such as moving out of the direct path of the infrared
radiation, or reducing the output of the heaters. There is no
long term exposure concern associated with infrared
electromagnetic radiation, as there would be, for example, in the
x-ray portion of the spectrun. In addition, there are no
ultraviolet components in electric infrared radiation as there are
in sunlight. The ultraviolet radiation in sunlight is the source
of tanning and skin cancer concerns. Infrared heating, therefore,
presents no radiation safety hazards to personnel.

5.6.2 Sea Spray Induced Element Shattering

As discussed earlier, the quartz lamp infrared heating element
consists of a coiled tungston filament housed within a 3/8 inch
diameter clear quartz envelope. The tungston element has a normal
operating temperature of 4050 °F. The quartz envelope, while some
97% transparent to infrared, never the less reportedly heats up to
anywhere from 1100°F to 2000°F, depending on the source quoted.
The question was raised as to whether or not the quartz envelope
would shatter due to thermal shock when struck by cold sea water
spray. All suppliers of complete heating units that were
contacted expressed concern over this issue, but had little direct
experience upon which to base a judgement. A major manufacturer
of the quartz lamp elements, however, insisted that anyone who
said this would be a problem was just plain wrong. The element
manufacturer insisted that the man-made quartz envelopes will not
crack when sprayed with cold sea water. The quartz envelopes have

a very high temperature rating and an extremely low coefficient of
thermal expansion, such that ice water can be poured on an

operating element with no damage to the element. This was
subsequently confirmed by some others who relayed the story of
demonstrating the ice water spray test at trade shows. It is

therefore concluded that the quartz lamp infrared heating elements
will not shatter or crack when sprayed with cold sea water.
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2.6.3 Explosion Hazard

The presence of fuel fumes in the vicinity of the infrared
heaters during refueling operations raised the question of whether
or not there is any significant danger of igniting JP~5 or DFM
fuel fumes with the infrared heaters. Both of these fuels have a
flash point of 140°F. The concern is associated with both the
high temperature element envelope, typically operating at a
surface temperature of 1100°F to 2000°F, and the 4050°F element
itself in the event the envelope is somehow broken.

A definitive resolution of this issue could not be obtained
from manufacturers who were concerned over potential liability
problems, however, the unanimous informal opinion was that there
should be no explosion hazard due to routine operations in this

exposed application. It was pointed out that these heaters are
commonly used in severe northern climates at gasoline stations
with no problems, They are also commonly used in process

industries for drying and curing in the presence of flammable
solvents and drying agents. One manufacturer did, however, point
out that for severe highly explosive environments, the infrared
units are enclosed and vented with a ducted blower system which
maintains a slightly positive pressure of fresh ventilation air in
the heater housing, thereby maintaining a safe atmosphere in the

presence of the heater elements. Another consideration pointed
out by the infrared heater manufacturers is the fact that common
electric light bulbs also use a tungston filament. It would

appear, therefore, that it would be adequate to parallel the
explosion hazard precautions taken with incandescent 1lighting
systems when dealing with infrared heaters.

In an effort to gain further insight into this issue, informal
discussions were held with representatives of the Naval Sea
Systems Command concerned with specifications and standards, fuel
systems, fuels, firefighting, electrical systems, and damage
control and safety. Again, the results were not conclusive. The
Navy classifies JP-5 as a non-explosive fuel, as opposed to
gasoline, for example, which is classified as an explosive fuel.
However, the low flash point of JP-5, combined with the very high
envelope and element temperatures of the infrared heating element,
always raises concern. It would also seem to be equally of
concern 1in the case of conventional incandescent light bulbs.
Again drawing a parallel between the infrared heating elements and
incandescent light bulbs, it 1is felt that one of the most relevant
pleces of information obtained in this part of the investigation
is the fact that incandescent lighting fixtures are not required
to be explosion proof when mounted topside on Navy ships, even in
the aircraft refueling area and at ship refueling stations. The
use of explosion proof lighting is, however, required on Navy
ships in any closed compartment in which fuel fumes may be
present. The opinion was therefore expressed by a member of the
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electrical group that the infrared heaters would similarly not
need to be _explosion proof for this topside, exposed application.

Navy firefighting experts questioned the need for having the
heaters operating during the refueling operation itself, assuming
that the major anti-icing concern was one of prevention during the
icing event, and prior to any refueling operation. This is not
necessarily the case, in that while personnel would not be likely
to be out on deck conducting refueling operations during the
severe design conditions selected for sizing the heaters, it is
likely that there will be many other occasions when refueling will
occur under conditions less severe than the design conditions
which will still result in icing. In addition, the secondary
advantage of using the heaters for personnel heating during cold
weather operations is lost. While recognizing these points, the
suggestion was made that, at least for the prototype test
installation, the heaters not be used during the refueling
operation itself. 1In the event that the results of the prototype
testing are favorable, it was suggested that a meeting then bpe
held of representatives of all interested NAVSEA Codes, including
those identified above, to discuss, evaluate, and finally decide
this issue.

A very similar response was obtained when the problem was
described to damage control and safety personnel. It was
unofficially felt that the use of infrared heaters out in the open
and at very low air temperatures could probably be allowed in
their standard configuration, even with the 1100°F to 2000°F
temperature of the exposed quartz lamp envelope, but the safety
issues associated with their use in the presence of fuel fumes are
marginal enough that a definitive answer could not be given
without full consideration and review of all relevant factors. It
was suggested that if a decision 1is made to proceed with the
testing of a prototype system, the system should first be
submitted for a Preliminary Systems Safety Review by NAVSEA 55X21,
the Ship Systems Safety Branch of the Damage Control ard Safety
Division. 1If this preliminary safety assessment is favorable, and
the prototype test results are favorable, then the full 55X21
System Safety Review would be completed as a prerequisite to
making the system available to the fleet. An issue of this level
of importance, concerned with the basic safety of the ship, must
be given full consideration well beyond the scope of this study.

It should also be pointed out that a variety of potential
solutions to the hazard problem exist, depending on the degree of
severity of the problem. These potential solutions range from the
use of a protective infrared transparent window or lens over the
face of the heater, to the use of completely sealed heater
housings, to the extreme case of venting the heater housings wi-h
a positive pressure of ducted fresh air in order to prevent any
contact between the heating element and the fuel fumes. These
various approaches to solving the hazard problem would clearly
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have a wide range of impact on the economics of installing such
anti-icing.systems.

564 Perf Degradation d Salt Spray Degosi

Another concern regarding the performance of shipboard aati-
icing infrared heaters was the potential degradation of the
performance of the infrared heating system due to deposits of salt
from sea water spray on the element envelope or the reflector.
The design approach taken for infrared heaters is to direct the
energy to the heated object with a focusing, highly polished
reflector. If the reflector gets dirty, the infrared reflectivity
of the reflector is substantially degraded. ITn this event, two
things happen. First, the energy directed to the heated object is
substantially reduced. Second, the energy absorbed Dby the
reflector and the heater housing increases substantially, possibly
to the point of causing damage to the heater unit itself. The
more experienced applications engineers contacted felt, however,
that at the very high operating temperature of the quartz lamp
elements the salt residue would not stick to the more critical
surfaces. Further, if this were identified as a major problem, it
could be countered with periodic maintenance to clean the elements
and reflectors, or minimized in terms of the element itself or the
reflector by placing a window or 1lens of infrared transparent
material over the heater in the manner of placing a cover on a
fluorescent light fixture in a suspended office ceiling. If such
a window or lens 1is required, high temperature glass is available
which 1is relatively transparent to infrared. Tempered Vycor and
the neoserans such as pyroseran were suggested. This issue was
therefore Jjudged to be of such a nature that it could be
satisfactorily handled. The need for a protective lens for the
heater, which would add significantly to the cost of a heater, can
be further evaluated during the prototype testing phase of the
program.

5.6.5 Corrosion Resist (H Salt Water S

It was generally agreed by most manufacturers that the salt
spray corrosion resistance of standard infrared heater housings
would not be adequate, however, most manufacturers offer a
stainless steel housing at additional cost that would be suitable
for the shipboard application.

5.6.6 Personnel Overheating
A final concern developed when it was determined that the
design heating requirement was quite substantial. The question

was ralsed as to whether or not operating the heaters at the
design condition would be dangerous to, or anbearably
uncomfortable for, personnel working on deck. In view of the
relatively close proximity of the heaters to personnel on deck in
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some conceivable applications, such as the 8 foot deck to overhead
clearance on a sheltered deck, it was generally agreed that it
would be advisable to install a variable output control system for
use with the infrared heaters. Variable output is typically
achieved by varying the supply voltage with a phase-fired SCR.
The need for such a control system, which does add substantially
to the cost of a system, can be further evaluated during the
prototype testing phase of the program.




5.7 Applications Analysis
571 G | Applicability of Inf | Anti-icing S

Before looking into specific shipboard applications of UNREP
infrared anti-icing systems, it is appropriate to briefly discuss
the general applicability of infrared anti-icing systems, and
their potential role in the complete approach to UNREP icing
countermeasures., In Phase I of this study of northern latitude
UNREP (1], several conventional, unconventional, and high-tech
approaches for countering UNREP icing problems were identified as
preferred systems in both the anti-icing and deicing categories.
In the case of anti-icing, the preferred conventional approaches
were identified as electric contact heaters, waterproof covers,
low friction paints, and water flooding. The preferred
unconventional approaches included hull form design features for
spray control, sea calming o0il, lead ship sea moderation,
mechanical sails, portable physical barriers, air curtains, heated
deck mats, warm air ventilation exhaust, and spray collection
streamers. Infrared heaters were identified as the 1loosely
defined high-tech approach to anti-icing. 1In the case of deicing,
the preferred conventional approaches were identified as
mechanical removal devices (baseball bats, etc), portable heat
guns, water lances, steam lances, contact heaters, and water
flooding. The preferred unconventional approaches included the
pneumatic pulse system, heated deck mats, whip sanders, needle
guns, and the electro-expulsive boot. The preferred high-tech
approaches were defined as infrared heaters, laser guns,
ultrasonics, panel vibrators, and highline vibrators. The point
of reviewing all of this material is to emphasize that both of the
icing countermeasures investigated in this study, the infrared
anti-icing system and the laser deicing system, were identified as
two of many approaches worthy of further consideration. Neither
system was Jjudged as likely to be the universal icing
countermeasure, nor even necessarily the primary icing
countermeasure, Further, in the case of the infrared anti-icing
system in which the approach is to heat the deck surfaces at the
UNREP stations to a temperature somewhat above the freezing point
such that sea water spray and atmospheric precipitation will not
freeze to the deck and equipment, other methods of heating in
addition to infrared were recommended for consideration. In fact,
the use of electric contact heaters, or strip heaters, for anti-
icing was ranked as the highest priority approach. A similar
recommended approach based on achieving anti-icing through heating
is the use of heated deck mats. Each of these systems also has
applicability as a deicing system. In practice, however, each
system also has a unique set of advantages and disadvantages.

It is generally agreed on first consideration that in the case
of new construction the preferred method of warming deck work
areas to the point at which spray and precipitation would not
freeze on the deck is through the installation of permanent strip
heaters, more accurately designated as metal sheath, mineral
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insulated contact heaters, on the underside of the deck. This
approach has already been successfully demonstrated on the
helicopter pads of some Canadian and European icebreakers.
Retrcfitting such an installation of perminent contact heaters has
generally, but not universally, been regarded as impractical. It
is therefore in the case of retrofitting an anti-icing system to
an existing ship that the use of both infrared heaters and heated
deck mats appear to have a major advantage over the use of contact
heaters, Infrared heaters offer the additional advantage of
warming deck equipment and machinery in addition to the deck
itself, and the advantage of warming personnel working on deck,
resulting in a great improvement of the working environment under
severe cold weather conditions. The main concerns expressed
regarding the use of heated deck mats have been associated with
their ability to stand up to the harsh use that would be required
of them at an UNREP station, and the fact that no suitable mats
currently exist. Several manufacturers have expressed confidence,
however, in the fact that the technology currently exists for the
production of adequately rugged heated deck mats that could be
permanently cemented in place on the deck surface.

It is, therefore, generally agreed that the applicability of
infrared anti-icing heating systems is primarily for retrofit
rather than new construction. This in no way lessens the level of
interest in the system, however, since the first concern
associated with expanded levels of northern latitude operations
is to significantly improve the capabilities of the existing fleet
for such operations. In addition, depending on the results of
prototype testing, infrared anti-icing systems may be a stronger
contender for use in new construction in competition with contact
heaters than is initially apparent due to the fact that, even in
the case of new construction, the installation costs of an
infrared system could be substantially less than that of a contact
heater system, the weight of an infrared system could be
substantially less than that of a contact heater system, and the
infrared system provides equipment and personnel heating which is
not inherently provided by the contact heater system. No decision
on the use of contact heater systems in comparison to infrared
heater systems for anti-icing in new construction should be made
until shipboard experience has been gained with a prototype
infrared system, and a ship impact and cost trade-off analysis has
been completed for the two systems.

572 R \ative Shipboard Applicati

The scope of the UNREP icing countermeasure problem can be
somewhat overwhelming in that it encompasses virtually every ship
in the fleet. For the purpose of this study, some representative
shipboard applications will be discussed with the objective of
outlining the scope of the problem and selecting a representative
application for prototype evaluation.
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The UNREP anti-icing problem encompasses both the
replenishment, or delivery ship, and the supported, or receiving
ship. The problem encompasses the transfer of fuel, ordnance,
stores, and _provisions. An UNREP deck work area is defined as any
area where personnel are handling 1lines, hoses, stores,
ammunition, and so forth. The UNREP station wcrk area can be
relatively small and have convenient mounting surfaces for
infrared heaters on bulkheads and overheads as shown for the
refueling station on board the USS YORKTOWN, CG 48, in Figure 26,
or there can be no convenient heater mounting surfaces as shown
for the YORKTOWN's forward VERTREP station identified by the white
square on the deck in Figure 27. The UNREP station work area can
also be a major portion of the deck area as in the case of a
tanker or a multipurpose supply ship. A view of the deck of the
replenishment oiler USS SAVANNAH, AOR 4, 1s shown in Figure 28,
while the deck area of the replenishment oiler USS WACCAMAW, TAO
109, is shown in Figure 29. In both cases, one can perhaps
envision the mounting of a bank of infrared anti-icing heaters on
the underside of the trusswork connecting the kingposts, or
perhaps on the kingposts themselves, The feasibility of
projecting infrared heat at the required power density from such
heights will be assessed in the next section of the report.

In applying anti-icing systems to a receiving ship, it 1is
suggested that selected UNREP stations be equipped for anti-icing
and be designated as the cold weather UNREP stations. In the case
of a multipurpose supply ship or a replenishment tanker capable of
resupplying a ship on each side simultaneously, it may or may not
be necessary to equip all UNREP work areas with anti-icing
capability.

5.7.3 Applications Considerati

In applying infrared heaters to the anti-icing application, the
applications engineering task consists of selecting the heat
source power level, the number of heating units, the mounting
distance, the spacing of the heater units, and the reflector beam
pattern. Recall from the previous discussions that the radiant
energy received at a target from a point source varies inversely
as the square of the distance between the emitter and the

receiver. Also recall that the radiant energy diffuses as a
function of the square of the distance as it travels outward from
a point source emitter. As has also been discussed previously,

recall that the heat load of a power density at the deck of 150 to
200 Watts/ft? is a reasonably severe requirement. In view of the
thoughts on possible applications contained in the previous
section, and the applications guidelines presented by Fostoria as
reproduced in Section 5.5, one immediately becomes concerned with
the ability to obtain the required power density at the deck with
anything more than the bare minimum heater elevation due to the
diffusion of the infrared radiation. The following discussion is
an effort to quantify these concerns based primarily on
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Figure 28 - Photo of the Working Deck Area of the USS SAVANNAH




information contained in the Fostoria Electric Infrared Heating
Manual [34)].

The highest capacity quartz lamp infrared heating element
available from Fostoria is rated for an input power of 3650 Watts.
This element, however, is built without internal supports for the
tungston coil, and is specified for horizontal installation only.
This =lement 1s, therefore, unsuitable for shipboard applications.
The highest capacity element constructed with internal coil
supports, designated as suitable for vertical installations, is
rated for an input power of 3000 Watts. These elements are
nominally 4 feet in length, requiring the use of Fostoria's 462
Series Mul-T-Mount fixture, which is the largest available and is
UL listed for both indoor and totally exposed outdoor areas. In
addition, this fixture series mounts two elements in each fixture,
for a total input rating of 6000 Watts per fixture.

In Table 5 of the Fostoria Manual, reproduced in Appendix C as
part of the product information on infrared heaters, reflector and
heat distribution patterns are presented for each of Fostoria's
fixtures. For the largest and most focused Mul-T-Mount fixture,
the narrow beam 462-30-TH having a 30° symmetric beam, the length
of the heated region, the width of the heated region, and the area
of the heated region are restated for different mounting heights
in Table 13. The heated length, width, and area are then
presented graphically as a function of mounting height in Figures
30, 31, and 32 respectively. The length and width are seen to
vary linearly with mounting height, and the area varies generally
as the square of the mounting height. The plots are extrapolated
well beyond the 20 foot mounting height given in the Fostoria
catalogue to a mounting height of 60 feet for purposes of
illustration.

Table 13

Heated Length, Width, and Area for Different Mounting Heights
for the Fostoria 462-30-TH Fixture [34]

Mounting Heated Heated Heated
Height Length Width Area
ft ft ft ft?
2 4.0 1.0 4.00
4 5.0 2.0 10.00
6 6.0 3.0 18.00
8 7.0 4.0 28.00
10 8.5 5.5 46.75
12 9.5 6.5 61.75
14 10.5 7.5 78.75
16 11.5 8.5 97.75
18 12.5 9.5 118.75
20 13.5 10.5 141.75
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Fostoria defines the mounting height as the distance from the
infrared element source to the receiving surface. The intercepts
cf the linear regressions of the heated length and width data
shown by the straight lines plotted in Figures 30 and 31 are
indicative of the heated length and width of a single nominal 4
foot guartz lamp element. This element has an actual overall
length of 41 11/16 inches, and a heated length of 38 inches. The
diameter of the quartz tube enclosing the element is 3/8 inch.
The second order heated area curve regressed in Figure 32 shows
that the heated area varies from about 47 ft? for a mounting height
of 10 feet to about 660 feet at a mounting height of 50 feet. For
example, 1f this were a 100% efficient, 6000 Watt total, dual
element heater, the power density at the receiver for a 10 foot
mounting height would be about 128 Watts/ft?. For a 50 foot
mounting height, the power density from this single fixture would
only be about 9 Watts/ft2,

Looking at the limits of infrared heating capacity using the
Fostoria 462 Series fixtures in another way, the catalogued
dimensions of the fixture are 46 inches in length by 15 inches in
width. The average maximum power density for the fixture at the
face of the fixture can be calculated on the basis of the fixture
face area of about 5 ft2. Again, for a 100% efficient, 6000 Watt
total, dual element heater, the maximum power density at the
heater would nominally be 1200 Watts/ft?. This approach is useful
in determining the maximum power outputs achievable by ganging
fixtures together in direct contact with one another as was done
in the Fostoria snow and ice control case history shown previously
in Figure 25.

At this point, it is appropriate to discuss the fact that while
the efficiency of quartz lamp infrared heaters is quite good and
approaches 100% under normal design conditions, for various

‘reasons it will be less than the 100% used in the above discussion

for the shipboard application. Three major facteors will reduce
the overall heating efficiency of the heaters, the convection
heating loss of the heater element as quantified by the radiation
generating ratio, the difference between the rated and the
shipboard supply voltage, and the likely necessity of reducing the
very high visual brightness of the heater element with the use of
a red Vycor sleeve. The Fostoria Manual 1lists the radiant
efficiency of their clear Qquartz lamp radiant heaters as 96%.
This efficiency defines the amount of input power given off as
infrared radiation by the heater, with the remainder lost to
convection heating. The convection heating loss is a true heat
loss for the shipboard application, in contrast to an enclosed
space heating application, since the convection heating of the
heater is lost to the atmosphere.

The voltage at which the heaters are rated is 480 volts, while
the voltage of the standard shipboard power supply is 450 volts.
The ratio of actual to rated voltage is then 0.9375. From Graph D
of the Fostoria Manual (Appendix C of this report), the power
supplied is then only 88% of rated power. The reduced voltage
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also results in a reduction of the color temperature of the
heating element, which lowers the radiant efficiency. From Graph
E (Appendix C) of the Fostoria Manual, the reduced voltage results
in a slight reduction of the radiant efficiency to 95%.

It is judged 1likely that the visible glare of the infrared
heating elements will be quite objectionable during night

operations. When the visible glare of quartz lamp infrared
heating elements is objectionable, it is recommended that ruby red
Vycor sleeves be fitted over the elements. These sleeves

eliminate about 96% of the visible light output, but at a cost of
reducing the infrared heat output by about 4%. The visual effect
provided by the red sleeves is that of a "warm red glow".

Combining the effect of all of these considerations for the
shipboard application, the ratio of output power to input power is
(0.88) (0.95) (0.96) = 0.80256, or about 80%. The actual radiant
heat output of a 6000 Watt fixture will therefore be about 4800
Watts. The corresponding maximum output power density at the face
of the fixture is then about 960 Watts/ft?. The power density at
the receiver for one 6000 Watt input fixture housing two 3000 Watt
guartz lamp elements for different mounting heights is then as
presented in Table 14, which also repeats the heated length,
width, and area data presented in Table 13. The data are shown
graphically in Figures 33 and 34. The plot of power density as a
function of mounting height in Figure 33 illustrates the rapid
reduction of power density with increasing mounting height, and
its asymptotic approach to zero. The plot of power density as a
function of the inverse of the mounting height squared in Figure
34 1illustrates the fact that the power density varies as the
inverse square of the mounting height. The non-zero intercept
reflects the fact that the heating element has a finite length and
width, rather than being a true point source of radiation.

Table 14

Power Density at Receiver for Different Mounting Heights
for the 6000 Watt Input Fostoria 462-30-TH Fixture

Mounting Heated Heated Heated Power Density
Height Length Width Area at Receiver
ft ft ft fr2 Watts/ft?2
2 4.0 1.0 4.00 1200
4 5.0 2.0 10.00 480
6 6.0 3.0 18.00 267
8 7.0 4.0 28.00 171
10 8.5 5.5 46.75 103
12 9.5 6.5 61.75 78
14 10.5 7.5 78.75 61
16 11.5 8.5 97.75 49
18 12.5 9.5 118.75 40
20 13.5 10.5 141.75 34
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FIGURE 33
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574 | Area Anti-ic

Looking back at t''e photo of the working deck of the USS
SAVANNAH, presented earlier as Figure 28, it would not appear to
be practical to attempt to maintain the entire length and beam of
the working deck in a ready condi:tion under severe 1icing
conditions with banks of infrared heaters. Estimating the length
of the working deck as about half the 659 foot length of the
vessel, and taking the full 96 foot beam of the vessel, the area
to be heated would then be 31,632, or roughly 32,000, ft? of deck
area. Heating this much deck with a power density of 200 Watts/ft?
at an overall efficiency of 80% would require the entire 8000 kW
electrical power generating capacity of the ship. This is clearly
not a practical situation.

Backing off to a somewhat less demanding approach, and again
thinking in terms of designating one of the UNREP stations as the
cold weather station, the deck area to be heated could be reduced
to a length of about 110 feet for the full 96 foot beam, resulting
in an area to be heated of about 10,000 ft?. Going further with
the designated cold weather UNREP station approach, perhaps this
heated area could be halved again by only having a cold weather
station on one side of the ship. For this half beam case, the
5000 ft? deck area to be heated at a power density of 200 Watts/ft?
at an overall heating efficiency of 80% requires a total power
input of 1250 kW, still a substantial 1load, but probably not
unreasonable for the limited operations possible under the cold
weather conditions.

Again based on the use of 6000 Watt Fostoria 462-30-IH heaters,
a total of about 200 heaters would be required. At 5 ft? per
heater, the face area of the 200 heater fixtures would be 1000 ft?,
or about one-tenth the heated area. For a fixture length to width
ratio of about 3, a closely packed platform of heaters would
measure about 55 by 18 feet. The installation of such a bank of
infrared heater fixtures over one o0f the fully exposed UNREP
stations shown in the photo presented previously as Figure 28 is
probably not practical. For the station immediately aft of the
forward house, or immediately forward of the after house, where it
may be possible to mount at least some of the heating fixtures on
the bulkhead and make use of the 30° asymmetric fixtures which
direct the infrared radiation out 30° from a perpendicular to the
deck, the concept may be reasonable. For prototype testing,
however, it isc clearly preferable to consider applications of a
much lesser scale.

575 Local Area Anti-ii

A very practical application for the prototyping of an UNREP
infrared heating anti-icing installation is a refueling station on
a major surface combatant. As an example, consider the refueling
station on the USS YORKTOWN shown previously in Figure 26.
Infrared heating fixtures could be installed on the overhead to
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maintain the deck ice free. Infrared heating could also be
partially directed toward the bulkhead of the refueling station to
provide anti-icing for that area. The deck area associated with
an underway refueling operation at a single station is estimated
to be about 100 feet long and 5 feet wide. The 100 foot length
includes both the length of the refueling station itself and the
length of the portion of the deck required by the line handlers.
For the purpose of prototype testing, however, it is recommended
that only the portion of the deck in the immediate vicinity of the
refueling station be heated with infrared anti-icing heaters.
This length is taken as about 20 feet. For the testing and
demonstration of a prototype system, therefore, the deck area to
be heated is taken as 20 feet by 5 feet, for a total of 100 ft2,

Hardware selection for this application will be discussed in the
following section of this report.
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5.8 Prototype Hardware Selection

Hardware will be sized and selected for anti-icing a 20 by 5
foot section of deck at a refueling station with the use of
overhead mounted electric quartz lamp infrared heaters. The
rather severe design condition requires the provision of a heating
capacity at the deck of 200 Watts/ft2, As discussed above, a
Fostoria Mul-T-Mount 462-30-TH dual element fixture rated at 6000
Watts input will provide an output of 4800 Watts in the shipboard
application.

With a deck to overhead height of 8 feet, and allowing a 3 inch
standoff for mounting the fixture and 6 inches for the depth from
the element to the top of the fixture (that is, the element 1is
about 1 inch back from the face of the 7 inch deep fixture), the
mounting height of the element from the deck is 7.25 feet. From
Figures 30 and 31, the length and width of the portion of the deck
heated by the fixture is about 6.5 by 3.5 feet. For this mounting
height, then, the power density at the deck is about 211 Watts/ft2,
or for all practical purposes, at the design condition. Taking
the conservative arrangement of the heaters and placing them in
the overhead oriented athwartships, that is, orienting the 6.5 ft
length of coverage with the 5 ft width of the deck, six fixtures
(20/3.5 = 5.7) are required to provide anti-icing capability over
the 20 foot 1length of the refueling station. The hardware
selection and the catalogue prices from the Fostoria price 1list
dated 1 October 1989 are summarized in Table 15. Fostoria has
indicated a willingness to significantly; discount the catalogue
prices for a prototype system,

Table 15

Hardware Selection and Cost
for Prototype Refueling Station Infrared Anti-icing System

item Unit Cogt Quantity ZTotal Cost
$ $
Mul-T-Mount 462-30-TH Fixture 900 6 5,400
in Stainless Steel
GF-3857V 3000 Watt, Vertical 113 12 1,356
Mount Quartz Lamp Element
31-941 Ruby Red Vycor Sleeve 52 12 - 624
CHWG-462 Lamp Guards in Stainless 75 6 450
Steel
SCR Variable Voltage Output 5,270 1 5,270

Power Controller

System Hardware Catalogue Total Price $ 13,100
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5.9 Prototype Testing Considerations
5.9.1 Pumose

While electric infrared heating is in common usage for
particular applications, most notabiy manufacturing process
heating and direct people heating in large structures such as high
bay factories and hangers where the cost of heating the entire
volume of air in the space is prohibitive, the application of the
system to shipboard anti-icing is new. As with any new
application of existing technology, a number of questions arise as
to the practicality of the system for the application, and the
actual quantitative performance of the system in the application.
While quantitative performance can best be measured in laboratory
tests conducted under controlled conditions, system suitability
for a particular application can best be determined through
prototype testing in the field. 1In this case of the adaptation of
existing technology, the performance of the system can Dbe
predicted with a relatively high degree of confidence, and the
confirmation of the quantitative performance of the system can
likely be adequately based on measurements taken during prototype
testing without the necessity of undertaking a laboratory test
program. It is therefore recommended that concerns related both
to the applicability of the system and the quantitative
performance of the system be addressed in a prototype test
program., Under this prototype test program, the prototype
hardware identified in the previous section of this report would
be purchased and installed on board a ship that, preferably, is
scheduled for a deployment in cold regions. The information to be
gathered in the prototype test program is outlined in the
following sections.

5.02 Applications Considerati

During the course of this study a number of questions arose
regarding the suitability of electric quartz lamp infrared heating
for the UNREP anti-icing application. Some of these questions
could be answered with a relatively high level of confidence
during the study, while others could not. The prototype testing
phase of the program offers the opportunity to definitively answer
all of the questions on the basis of operating experience under
actual field conditions. A list of the major questions and
concerns to be answered through the conduct of the prototype test
program follows:

1. Are the standard vertical-rated quartz lamp infrared heating
elements rugged enough for shipboard use?

2. Are the stainless steel Fostoria Mul-T-Mount infrared heater
fixtures rugged enough for shipboard use? If not, should they be
redesigned or simply enclosed in a rugged standard Navy-type
housing?
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3. Do the operating quartz lamp heaters break when hit with cold
sea water spray?

4. Does the salt residue from the sea spray build up on the
reflector or quartz lamp when the heater is operating and cause
heating performance degradation or fixture overheating? 1If a unit
is well coated with the residue of sea spray while switched off,
does the residue melt or vaporize off when the heater 1is
energized? If sea spray residue is a problem, a possible solution
is to install standard heating fixtures (stainless steel units
would probably no longer be necessary) in an enclosure (which
could be stainless steel) having a lens or window of clear Vycor
quartz sheet as is used by Process Thermal Dynamics Inc. in their
Protherm process heaters (Appendix C).

5. Do the ruby red Vycor sleeves adequately eliminate the visible
glare produced by the heaters, particularly during night
operations?

6. It is likely to be uncomfortably hot for personnel working
under the heaters when they are operated at f£full output. Under
what ambient conditions is it necessary to reduce the output of
the heaters for personnel comfort, and to what level must the
heater voltage be reduced?

593 Perl Considerati

While it 1is not envisaged that the opportunity will be
available to conduct fully instrumented tests of the prototype
infrared anti-icing system, it would be advisable to collect as
much performance data on the system as is possible. The ideal
situation would result from having the ship on which the prototype
system is installed experience a significant icing event. Even if
an icing event is not encountered, however, a significant
verification of the performance of the system can be realized with
a relatively 1limited amount of data collected with normal
shipboard instrumentation supplemented by hand-held
instrumentation. The hand-held instrumentation required consists
of a surface pyrometer, or a non-contact hand-held infrared
thermometer as described at the end of Appendix C, for measuring
surface temperature, and an anemometer for measuring local wind
speed. This instrumentation could be supplemented with the use of
a power density meter for measuring the infrared radiation energy
level at the deck if such a meter were available. The meter would
be used to measure the areal power density distribution in the
same manner thai the surface thermometer would be used to map the
surface temperature. Recommendations for collecting data related
to the quantitative performance of the prototype infrared anti-
icing system for each of these situations are outlined below.
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A

5.9.3.a Performance During an lcing Event

1.

The primary data to be collected in connection with an icing
event are as follows:

General environmental data:

a. Air temperature

b. Ship's speed and direction

c. Relative wind speed and direction

d. True wind speed and direction

e, Local relative wind speed at the heated deck

£. Wave height

g. Description of spray wetting volume and frequency at the
heated refueling station

h. Sea water temperature

Ice data:

a. If possible, periodically measure or estimate the
accreted ice thickness during the icing event

b. Measure the area of the deck effectively covered by the
heaters

c. At the completion of the icing event, measure the profile
of the ice thickness over areas adjacent to the heated
area, and over the heated area itself if ice forms

d. Using a surface pyrometer, measure the surface
temperature of the deck or the ice in the heated area,
and the surface temperature of the ice in adjacent areas

e. If any ice had formed over the heated portion of the
deck, record the time required tr melt it at full heating
output

f. If no ice formed over the heated area, try to remove a
slab of ice from an adjacent area, measure it's area and
thickness, position it in the heated area and measure the
time required to melt the ice

g. (Optional) Measure the weight and volume of a sample of

the ice for determining its density
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5.9.3.b Performance in Cold Weather Without lcing

In the event of a cold weather deployment where no icing is
encountered, some quantitative assessment of the performance of
the infrared anti-icing system can be obtained by measuring the
result of heating the deck, preferably under low temperature
conditions. In this case, the primary data to be collected are as
follows:

1. General environmental data:

Air temperature

Ship's speed and direction

Relative wind speed and direction

True wind speed and direction

Local relative wind speed at the heated deck

Wave height

Description of spray wetting volume and frequency at the
heated refueling station if any

Sea water temperature

QMO QAOUTe

2. Infrared heating system performance data:

a. Map the temperature profile of the deck in the heated
area to determine the area covered by the heaters and the
temperature variation due to heater spacing

Measure the temperature of adjacent unheated deck areas
Adjust the heater output in steps to 80%, 60%, and 40% of
maximum output and, after allowing steady state

conditions to be reestablished, repeat the above
measurements

QU

- 148 -




LI

- o

_

6. CONCLUSIONS AND RECOMMENDATIONS

As a result of this feasibility study of applying laser
technology to UNREP deicing, and applying infrared heating
technology to UNREP anti-icing and deicing, the infrared system
continues to look promising, while the laser system does not.

The shipboard applicability of lasers for use as an UNREP
deicing tool, either in the ice melting mode or in the ice
fracturing mode, 1is technically feasible. Approaches for
overcoming several of the concerns associated with the practical
application of lasers to shipboard deicing were developed, while
maintaining laser power levels that provided a reasonable level of
deicing operating capability. These concerns included the ability
to use the laser to melt ice without damaging the underlying
material (paint or metal), and the ability to use the laser for
removing ice without risk of injury to the operator or to other
members of the deicing team. The design constraints imposed in
the interest of safety do, however, 1limit the range of
applications suitable for the use of the laser deicing system.
The laser deicing system was, therefore, Jjudged to be both
physically and technically feasible, but economically unpractical.
On the basis of a performance and cost comparison with a high
pressure water lance deicing system, it was determined that the
water lance has a greater capability to remove ice at a cost of
about one-fifth to one-tenth of the cost of the laser deicing
system. The price of a representative laser system, including a
fiber optic delivery system, is in the range of $60,000 to
$70,000.

More specifically, this study of the use of lasers for removing
accreted topside ice from shipboard UNREP stations results in the
following conclusions:

1. Lasers can be used as deicing tools to make grooves in
accreted ice, such that slabs of the ice can be subsequently pried
off the surface, either by melting slots in the ice or by
shattering slots in the ice. Design 1limitations which
significantly impact the performance of the system are imposed due
to the requirement to remove ice without damaging the underlying
painted steel or aluminum surface. This analysis indicates that
the shattering mode offers the promise of higher performance
levels than the melting mode.

2. Laser deicing systems can be engineered to minimize the
risk of damage to personnel through the incorporation of optics
which provide a rapidly diverging beam, but, again, with some
significant penalty in the applicability or usefulness of the
system. Even with design features dedicated to the safety of the
system, a significant training effort would be required to assure
that the laser deicing system would be operated at an acceptable
level of safety.
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3. The cost of a laser deicing system, including a fiber optic
cable beam delivery system, was estimated to be in the range of
$60,000 to $70,000.

4., On the basis of a rough comparison with a high pressure
water lance deicing system, it was estimated that the water lance
system would deliver superior deicing performance with
substantially fewer safety and operational concerns at about 10%
to 20% of the cost of a laser deicing system, Some of the
anticipated operational advantages of the laser system, such as
the ability to remove accreted ice from booms, masts, and lines at
great distances with the laser beam, had to be designed out of the
system for safety reasons. Other advantages of the laser system,
such as the ability to remove ice without the use of steam or
water which have the potential of adding to the icing problem,
remain, but are of relatively minor importance in view of the cost
and operational complications of the system.

5. It is therefore concluded that laser deicing systems should
be dropped from further consideration at the present time. If at
some future time lasers are considered for use on ships for other
purposes, such as for the removal of paint, their use for deicing
should again be considered as a supplementary application.

The practical shipboard applicability of infrared heating
systems for use in UNREP anti-icing and deicing continues to look
promising. In general, the preferred application is to use
infrared heaters in the anti-icing mode, that is, to keep the
UNREP station at a temperature high enough so as to prevent the
formation of ice during an icing event. Feasibility assessment
calculations also indicate, however, that the use of infrared
heaters for deicing will provide reasonable results, The most
obvious applicability of an infrared heating anti-icing and
deicing system is as a retrofit on existing ships. It is also
possible, however, that the system could compete favorably with
the installation of underdeck strip or contact heaters in the case
of new construction.

More specifically, this study of the use of infrared heaters
for preventing the formation of topside ice at shipboard UNREP
stations, and for removing accreted topside ice from shipboard
UNREP stations, results in the following conclusions:

1. Infrared heating systems can be used to provide both anti-
icing and deicing capability at UNREP stations, with anti-icing
being the preferred mode of application. The system 1is
particularly applicable to retrofit situations where an anti-icing
heating capability is required on existing ships. Depending on
the results of the recommended prototype performance tests,
infrared anti-icing systems could also compete favorably with, or
be used in conjunction with, underdeck-mounted strip heater anti-
icing systems in some applications on new construction. The major
limitation in the application of infrared heating systems for
anti-icing 1is that they must be mounted in relatively close
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proximity to the surface being heated, making their application to
large expanses of open deck difficult.

2. The heating capacity required to maintain the deck and
equipment surfaces at an UNREP station at a temperature somewhat
above the freezing point of sea spray and atmospheric
precipitation urnder severe northern latitude low temperature and
high wind conditions is quite high, requiring the use of infrared
heaters which have the highest output capacity and the highest
operating efficiency. For these reasons, the type of infrared
heater selected for UNREP anti-icing is the electric quartz lamp
type, fitted with red Vycor sleeves to reduce the otherwise very
high levels of illumination provided by these heaters.

3. It 1is concluded that the infrared heating anti-icing
system should be demonstrated and further evaluated through the
shipboard testing of a prototype system. The hardware for a
prototype infrared anti-icing system sized for a roughly 20 foot
by 5 foot immediate work area of a surface combatant refueling
station has been selected. The catalogue price of the hardware,
including an SCR controller which prcvides infinitely variable
heater output capability, is $13,100. The negotiated price of a
prototype system should be significantly less.

4, Completicn of the shipboard applications tests and
performance te:.. outlined for the prototype system will provide
the additional information necessary for making a decision as to
the fleet-wide applicability of infrared heater UNREP anti-icing
systems.

The following specific recommendations are made on the basis of
this feasibility study of applying laser technology to UNREP
deicing, and applying infrared heating technology to UNREP anti-
icing and deicing:

1. While the assessment of the economic practicality of the
laser deicing system was unfavorable in this study, the advent of
additional uses for lasers of this type aboard ship would warrant
the reconsideration of the laser deicing application. For
example, it was shown in this study that the intensity of the
deicing laser had to be limited in order to not burn the
underlying paint. The lasers identified in this study could be
adapted to the task of routine paint removal by a simple
adjustment of the laser beam optics and switching to a pulsed mode
of operation. If it is determined that it may be useful to pursue
the laser deicing concept at some future time, recommendations
related to the laboratory testing of 1lasers for deicing
applications are provided in the report.

2. It is recommended that a prototype infrared anti-icing and
deicing system of limited scope be installed a:¢ a demonstration
and test unit aboard a surface ship scheduled for a northern
latitude deployment, and tested during the deployment. A
prototype system suitable for use at a sheltered (overhead mounted
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heaters) refuelin: UNREr sta-ion has 2n desigr:>d and priced in
this study. Recommendeczion.. for te 1g of the system have been
developed in terms of tae suitabili  of the system for general
application, and .a terms of obtaining performance data both
during ar icing event, and in the case of = Adeployment which
experiences cold weather, but not icing, cond
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Appendix A

PRODUCT INFORMATION
ON
LASER EYE PROTECTION







Table A-1 gives a listing of some laser eye protection eyewear

currently avallable (Reference: Guide for the Selection of Laser
Eye Protection). For each model of eye protection, the optical
density (OD or D4) is noted over a range of wavelengths. The

optical density of a filter at a particular wavelength is defined
as the logarithm to the base ten of the reciprocal of the
transmittance, and can be computed from the ratio of the incident
intensity to transmitted intensity:

D)\ = logjo(l,/ll) = -log10(]/t)‘)

where T, 1is the transmittance, In general, the desired optical
density for the selection of proper eyewear is the minimum optical
density required to attenuate the maximum radiation intensity
expected to the maximum permissible exposure (MPE) limit.

D, = logyg(l/MPE)

The last column of the table gives the daylight wvisible
transmittance which provides an indication of how much the user's
vision might be impared in the workplace.

Table A-2 gives a listing of manufacturers or suppliers of
protective eyewear for laser safety.




(Wavelength in nm)

Table A-1
Optical Density of Standard Laser Eye Protection [19]

ArF. KrF. Xecd, HeCd, N./Nc¢ XeF, HeCd Ar Ar He Ne Kr Ruby Ga As Nd Er HF DF Cco CO, LY
193 249 308 328 kRN 18! a“l 488 518 6313 647 694 840 1060 1730 2700 3600 000 10,600 T
AMERICAN OPTICAL
581G >2 >2 >2 >2 >2 >2 <} <1 <1 4) 4 6.1 s 2 10
584G >2 >2 >2 >2 >2 >2 <! <1 <l 1 ) 44 11.2 9.5 30
$8G >2 >2 >2 >2 >2 >2 <l <1 <1 3} ) T 17.4 14.7 <l >3 >3 >3 28
588S >2 >2 >2 >2 >2 >2 <l| <1 <1 22 3} 6.0 14.8 12.§ 1.5 <! 33
208S >2 >2 >2 >2 >2 >2 17 13.5 9.1 <1 <1 <1 <t <) 25
$99G >2 >2 >2 >2 >2 >2 14 8.6 5.5 <1 <i <l <1 <l 28
680G >2 >2 >2 >2 <1 <1 <l <1 <1 <1 <1 <1 <t <1 <1 <1 <t 15 1$ %0
698G >2 >2 >2 >2 >2 >2 12 10 8 <t <! >4 >10 7.4 s
BAUSCH & LOMB
54 30 17 14 12 <l 43
s$ 7 3 <1 <1 <l <1 <1 <1 $?
56 >8 >8 ] 1 <1 <l 13 14 15 s 6.2
$7 ] <\ <1 4 b 7 [} 3
58 1 i 1 1 1 2 4 8 k)
EALING CORP
25-2478 b 10 30
FISH-SCHURMAN CORP
ALSIS > 10 >10 >10 >10 >10 > 10 >10 >10 7 <l < <l <1 <] 46
ALS6S >$ >5 >3 >$ > >$ >SS >4 >$ <l <t <1 <1 <! 15
AL6I34 >5 >$ >5 >$ >S5 s <t <1 <l 4 7 >7 >7 >7 13
AL6S4 >$ >$ >5 >5 >S5 b <l <l <} b 8 12 16 16 2%
AL-1060-9 <1 <1 <1 <1 <1 <1 <1 <l <1 2 9 63
AL-1060-11 <1 <t <1 <l <1 <l <l >1 <1 s ] 30
AL-10600 <i <1 <1 <1 <l <t <1 <l <t <l <1 73
GLENDALE OPTICAL
Laser- N,H >16 16 16 <1 <1 <1 <1 <1 < <l <1 ~
Gard HeNe >10 >10  >10 1 < <t 6 s 2 <1 <1 17
Ar 20 19 18 14 1t 3] <l <l <l <l <l| 45
Ruby 8 9 9 <] <t <! 6 4 ] <] <l 19
As/Nd 2 15 H 14 L
Nd/Ga As 25 4 2 7 1 1 1 { 3 14 16 7]
Co, 12 30
Broad Band A 25 20 <1 <lI <} <] | 6 20 2 b=
Broad Band 8 25 28 28 3 28 P 4 n 7 <1 <1 <l 4 4 43
PHASE - R
Blue > >2 >3 M >i 1
Red H s S <3 >4 >4 1 <1
FRED REED OPTICAL, INC.
GGo >3 >3 >$ >3 >3 >3 [ 1 <! <l <1 <l <1 <1 <1 A .18 >3 >3 [ )
GGA20 >$ >3 >$ >5 >$ >$ <l < <l <l <1 <1 <l| <1 .08 A 1.4 >23 >3 [ J
GGAss >$ >3 >$ >$ >3 >$ 1 <l <l <t <t <1 <1 <} 05 09 L4 >y >3 k]
GGATS >3 >$ >S5 >3 >$ >S5 >$ < <l <l <t <t <l <l .08 o8 .3 >3 > [ J
OGs13 >3 >$ >3 >3 >$ >3 >3 >3 <1 <l <t <1 <1 <i .ot 09 1.3 >3 >2) ss
0Gs3 > >3 >8 >$ >$ >$ >3 >S$ b <l <} < <l <l 08 0 1.3 >23 >2% ®
0GSso >3 >3 >3 >3 >$ >3 >3 >$ >$ <1 <1 <} <l <i 08 09 13 >23 >23 20
oGS0 >3 >s >$ >3 >$ >$ >$ >3 >3 <t <l <} <1 <] .08 09 1.3 >23 >1) L J
0Gs%0 >3 >S5 >3 >3 >3 >3 >$ >$ >$ <1 <1 <l <) <\ 08 A 14 >23 >} »
ROSI0 >s >5 >S5 >$ >3 >3 >3 >3 >$ <l <) <l <) <} .05 08 1.3 >23 >3 «©
RG630 >3 >3 >$ >3 >3 >3 >3 >$ >$ <1 <1 <l <t <l 03 09 1.3 >3 >3 0
RG4S >$ >S5 >3 >3 >3 >3 >3 >3 >$ >3 4 <l <1 <t 04 0 1.3 > >) 10




Table A-1 (Continued)
Optical Density of Standard Laser Eye Protection [19]
(Wavelength in nm)

ArF, KrF, Xel, HeCd, Ny/Ne XeF, HeCd Ar Ar He Ne Kr Ruby GaAs Nd Er HF DF co €O, L)
193 49 308 328 m 3N 4“1 488 Sis 63) 647 4 340 1060 1730 2700 3600 000 10,600 T
FRED REED OPTICAL, INC., con’t
KG-3 > >3 1.5 <t <t <1 <i <1 <1 <1 <l <! 2 4.5 >} >23 >3 >3 >2) 8
KG-$ >$ >$ >3 2 <1 <l <i <lI <t <l <\ <1 3 [ >3 >2) >23 >2.3 >23 3]
UV 400 >3 >3 <1 <} <l <l < <t <1 <l <) %
BG) >$ >3 <l <1 <l <l <l <l 4 6 s . 4 <1 <1 1.4 .26 1.1 >23 >} 2
BG 18 >$ >$ >3 >3 1.7 1 <! <t <1 I8 3 s >$ >$ 1.3 6 >23 >3 >3 43
BG 39 >5 >3 >3 3 <l <l <} < <! 1.5 2 >s >3 >3 R 49 >2.3 >23 >3 (]
8G & >5 >3 >$ 4 <l <! <t <l <1 <1 i 2.8 >S5 >$ 51 5 >2.3 >3 >} °
ROCKWELL ASSOCIATES, INC.
As-LEPD-11 >3 >$ >$ >$ >S5 >$ <1 <1 <1 <1 <l >4
UV/FIR-LEPD-22 >3 >3 >5 <1 <1 <t <1 <l <} <l <1 >40
SPECTRA - OPTICS
UV-t >6 >6 >6 >6 >6 >6 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.2 >3 >10 >0
uv.2 >6 >6 >6 >6 >6 >6 >6 >1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.t <0.2 >3 >10 >80
Argon-| >15 > 15 >1% >18 >15 >\ >15 >15 >18 <0.1 <01 <01 <0 <0] <0t <01 <02 >3 >10 >50
Argon-2 >18 >18 >18 >18 >18 >138 >1s >18 >1$ <0.1 <0.1 <0.} <0.1 <0.1 <0.1 <0.1 <0.2 >10 >10 >2
Krypton-1 >10 >10 >10 >10 >10 >10 >10 >10 > 10 <0.4 <0.] <0.1 <0.1 <0.1 <0.1 <0.1 <0.2 >3 >10 >10
He/Ne-1 >3 >$ >3 >2 >$ >$ <l <l >S5 >3 <1 <1 <1 <i <1 >10 >10 60
He/Ne-2 >10 >10 >3 >2 <1 <1 <l <l <1 >3 >6 >9 >12 >13 <1 <l <l >3 >10 >3
Ruby-t >$ >3 >3 >2 <] <1 <l <l <! >3 > >8 <) <1 <1 <1 <} >3 >10 >60
Ruby-2 >10 >10 >3 >2 <1 <1 <1 <1 <1 >4 >$ >9 >12 >13 <t <1 <1 >3 >10 >30
Nd/YAG >10 >10 <l <1 <1 <t <1 <1 <1 <1 <l <1 <2 >8.5 >4 >4 >4 >4 >10 >
Nd-! >10 >10 . <! <1 <) <) <1 <} <) >1 >2 >4 >12 >3 <] < <1 >3 >10 >3
Nd 12-1 >15 >15 >15 >15 >13 >18 >18 >18 >6 <l <| <} <2 >S5 >4 >4 >4 >4 >0 >40
Nd 122 >18 >18 >15 >15 >18 >1$ >1$ >18 >6 >1 >2 >4 >12 >13 <1 <t <} >3 >10 >
CO, -! >10 >18 >4 > <) <1 <1 <t <) <\ <l <1 <t <1 <1 <t <1 >6 > >83
Spectro-Gard >18 >13 >1$ >15 >15 > >18 >1s >$ >3 >6 >9 >12 >13 <1 <1 <i >3 >0 >71.0
U.S. LASER CORP.
10783 <1 <1 <l <1 <1 <! <1 <1 <l [ ] 6 >$ >s >$ >$ >3 ]
1075-1a <} <1 <} <1 <1 <] <} < <} 2.5 10 >$ > >$ >3 >3 k,
1075-2 <{ <li <1 <I <t <t <i <1 <1 <t <l <i >6 >0 L
1078-3 >3 >$ >$ >3 >3 H <! < <! 1.5 1.8 >6 >10 >10 >3 >3 >3 °
10754 >3 >3 >3 >3 >$ >$ >$ >6 >6 <1 <1 <1 <} <1 >3 >3 %
10756 > >3 s t <! <1 <i 1 L} >7 >6 2 <1 <1 4 >3 >) s
107s-7 >3 >$ >$ >$ >$ >$ > >$ >3 <1 <1 <} 1.5 >6 -]

NOTE: Another characteristic of these goggies which should be considered in the selection of laser eye nrotective cyewesr is the maximum irradiance before damage of filter plate or plastic.




Table A-2

Partial List of Laser Protective Eyewear Suppliers

American Optical Company
Safety Products Group

14 Mechanics Street
Southbridge, MA 01550

Ealing Electro-Optics, Inc.
New Englander Industrial Park
Holliston, MA 01746

Edmund Scientific
Edmund Building, Publications Department
Barrington, NJ 08007

Energy Technology, Inc.
P.O. Box 1038
San Luis Obispo, CA 93406

Fish-Schurman Corp.
P.O. Box 319
New Rochelle, NY 10802

General Scientific Equipment Co.
525 Spring Garden
Philadelphia, PA 19123

Gle 1ale Protective Technologies
130 Crossways Park Drive
Woodbury, NY 11797

Omicron Eye Safety Corp.
73 Main Street
Brattieboro, VT 05301

Phase-R Co.
Box G-2
New Durham, NH 03855

Fred Reed Optical
P.O. Box 27010
Albuquerque, NM 87125

Rockwell Associates, inc.
P.O. Box 43018
Cincinnati, OH 45243

(508) 765-9711

(508) 429-8370

(609) 547-3488

(805) 544-7770

(914) 636-1300

(215) 922-5710

(516) 921-5800

(802) 257-7363

(603) 859-3800

(505) 265-3531

(513) 271-1568




Table A-2 (Continued)

Partial List of Laser Protective Eyewear Suppliers

U.S. Laser Corp.
P.O. Box 609

825 Windham, Ct. N.
Wychoff, NJ 07481

U.V.P., Inc.
P.O. Box 1501
San Gabriel, CA 91778

UVEX Winter Optical, Inc.
10 Thurber Blvd.
Smithfield, Rl 02917

Yamamoto Kogaku Co., Ltd.

Safety and Health Care Division

1-2 Chodo-3

Higashiosaka City, Osaka 5§77, Japan

(201) 848-9200

(818) 285-3123

(401) 232-1200

(06) 783-1104
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Appendix B

PRODUCT INFORMATION
ON
LASERS







Table B-1

Laser & Laser Products Manufacturers

Amoco Laser Co.
1251 Frontenac Road
Naperville, IL 60540

Balzers Optical Corporation

170 Locke Drive
Marlborough, MA 01752

Coherent General
1 Piker Road
Sturbridge, MA 01566

Coherent Laser Products
3210 Porter Drive

P.O. Box 10321

Palo Alto, CA 94303

Coherent Optics Division
2301 Lindbergh St.
Auburn, CA 95603

CVI Laser Corporation
200 Dorado Place, SE
P.O. Box 11308
Albuquerque, NM 87192

Directed Energy
2382-T Morse Ave.
irvine, CA 92714

Edmund Scientific

Edmund Building, Publications Dept.

Barrington, NJ 08007

ESCO Precision Optics
171 Oak Ridge Road
Oak Ridge, NJ 07438

Galileo Electro-Optics Corp.

P.0O. Box 550
Sturbridge, MA 01566

Contacted for information

(312) 369-4190

Micro Lasers & Low Power Nd:YAG
(508) 481-9860

Optical coatings.

(617) 347-2681

High powered CO2 laser systems and
large inductrial machine tools.

(800) 527-3786

Low Power Nd:YLF
(916) 889-5230
Optics applications & technical support.

(505) 296-9541

Optics & fiber optics products.

(714) 553-1225, Ext 17

CO2 laser systems; 20 to 250 W.
(609) 547-3488

Optics supplies. Low Power lasers for
classroom and small laboratories;
mostly He-Ne & CO2.

(201) 697-3700

Optical windows.

(508) 347-9191/(800) 648-1800
Optics & fiber optics products.




Table B-1 (Continued)

Laser & Laser Products Manufacturers
Contacted for Information

Hadron Inc.
9990-T Lee Highway
Fairfax, VA 22030

I-VI Incorporated
Saxonburg, PA 16056

Jodon
62 Enterprise Drive
Ann Arbor, Michigan 48103

LASAG Corp.
702 West Algonquin Road
Ardington Heights, IL 60005

Laser Applications, Inc.

Division of Laser Metrics, Inc.

12722 Research Parkway
Orlando, Flordia 32826

Laser Photonics
12351 Research Parkway
Orlando, Florida 32826

Laser Resale, Inc.
Sudbury, MA

Lee Laser, Inc.

3718 Vineland Road
Orlando, Florida 32811

(703) 359-6100

Manutacturer for the laser system used
in the Lane & Marshall CRREL Deicing
report. Unfortunately, no longer making
lasers.

(412) 352-1504
IR optics products.

(313) 761-4044

General Lasers & Supplies. Industrial
He-Ne lasers featuring an integral
beam pointing mechanism.

(312) 593-3021

Medium powered Neodymium lasers
available.

(407) 380-3200

Medium powered Neodymium lasers
available.

(407) 281-4103/(800)624-3628

All types of lasers. Technical support &
advise. Medium powered Neodymium
lasers available.

(617) 443-8484
A used laser broker.

(407) 422-2476
Low powered CW Nd:YAG




Table B-1 (Continued)
Laser & Laser Products Manufacturers
Contacted for information

Lumonics Material Processing Corp.

12163 Globe Road
Livonia, Ml 48150

Mitsubishi Cable America, Inc.
Diaguide Products Division
520 Madison Ave.

New York, NY 10022

NEC Electronics, Inc.
401 Ellis Street
Mountain View, CA 94039

Quantronix

49 Wireless Blvd.

P.O. Box 9014
Smithtown, NY 11787

Raytheon Co.

P.O. Box 5300

465 Centre Street
Quincy, MA 02269

Reynard Enterprises, Inc.
26098 Getty Drive
Laguna Niguel, CA 92677

Rofin-Sinar
3333 North First Street
San Jose, CA 95134

Rolyn Optics
706 Arrow Grand Circle
Covina, CA 91722

SPAWR Optical Research, Inc.
P.O. Box 1899
Corona, CA 91718

B-5

(800) 423-1542

High powered CO2 lasers. Pulsed
Nd:YAG lasers for cutting, drilling and
welding. Fiber optic beam delivery to
100 m from source; 100 to 400 W.

(212) 888-2270/(800)262-6200

Fiber Optics

(800) 632-3531
Nd:YAG & Fiber Optics
(516) 273-6900

Nd:YLF
(617) 479-5300

High powered Nd:YAG & CO2 lasers for

industrial material processing.
(714) 831-6026

Optical components.

(408) 432-6133/(800) 227-1921

World's largest producer of industrial
CO2 lasers; 80 to 6000 W.

(818) 915-5707
Optics catalog
(714) 735-0433

Power Meters




Table B-1 (Continued)
Laser & Laser Products Manufacturers
Contacted for Information

Spectra-Physics

1250 West Middlefield Road
P.O. Box 7013

Mountain View, CA 94039

Spectron Laser Systems

21 Paynes Lane

Rugby, Werwickshire CV21 2UH

England

US Distr. Quantum Electronic Instruments

U. S. Laser Corporation
825-T Windham Court North
P.O. Box 609

Wyckoff, NJ 07481

3M Fiber Optic Products, Inc.
420 Frontage Road
West Haven, CT 06516

(415) 961-2550/(800) 227-8054

A leading supplier for over 25 years;
high powered lasers 500 to 5000 W.
(0788) 544694

(508; 3¢9-8081
Nd:YAG

(201) 848-9200

Nd:YAG lase” systems. Medium
powered Neodymium lasers available.
(201) 544-9119

Large core fiber optics




Our HyperYAG beam quality
is predictably excellent...

in near and far fields

5000 Number of Puises

over long and short terms

Puise Energy (100 = Mean Vaiua)

at four energy levels. EITIIE I

Whatever vour application —dye Jaser pumping, warranty, long-life ceramic pumping chambers and
non Lnear studies, plasma diagnostics, spectroscopy, excellent long and short-term output stability. Energies
atmespherie probing —sou'll find that one of the Lumonics of up to 1200 mJ and repetition rates to 50 pps

ranve of Q0 sswatehed NdEYAG Tasers ds ideally suited to are available.

vour perimental needs

Facli of our four models ineludes the unique
Lunmonies HiperYAG resonator, providing a sinooth, near-
Gawsstan beam profile in the near and far fields. Designed
aroand industrally proven components, the HyperYAG
fasers featare a damage-free Q-switch with a full one-year

Formate o alionr near o oMos i the United States Lumonses Ine at 0703) 528 2954 (Vipgenia ). (3121 357-0220 (Lllinous ). { T18) 531 0134 (Colorado ). (XOSVYRT 2211 Califrnig
Head Office [amontos fne (6111592 1460 United Kingdom: Lumamics Lid (0788) 7032! Prance: Lumunics SA.RL (1)69 07 92 70
West Germany 1k con Deulsehland GmbH (0893 271 1039 Benelux: Lumomies Ltd (02) 762 79 46 Japan: Leonix Corp (0423) 21 211}

CIRCLE NO. 4




HIGH POWER, HIGH REPRTITION RATE
YAG LASERS

9400 SEKIES

* MODULAR DESIGN

* BOLID-STATE POWER SUPPLY

* OPTICAL RAIL MOUNTING

* SIMMERED FLASH LAMP

* SAFETY INTERLOCKS

* INTRACAVITY SPACE

* EASY CHANGE PUMP LAMP

* ACCESSORIES FOR Q-SWITCHING,

HARMONIC GENERATION, MODE-LOCKING
AND CAVITY DUMPING

LASERMETRICS

Laser Applications Division

3500 Aloma Avenue, Winter Park, Fionda 32792
Fax: (407) 679-0180 Telex: 80-8881  Telephone (407) 678-8995




TECHNICAL SPECIFICATIONS
Pulsed Nd:YAG LASERS

SBERIES 9400

8403
Wavelength (micrometers):* 1.06
Beam Diameter (millimeters): 4

Laser rod size (dia. x length - mm): 4x54

Beam Divergence (milliradians): 2
Average Power Output (Watts): 3
Pulse Repetition Rate (Hertz):* 20
Pulse Energy (Joules): .150
Pulse width (microseconds):* . 270
Peak Power (kilowatts): .5
Output Stability (% RMS): 3
Polarization:* random
Type of Flashlamp: ' xenon
Number of Flashlamps: b
Ave. Lamp Life (million pulses): 10
Electrical Input (volts): 115
(Hertz): 50/60

(# of phases): 1

(Amps) : 10

Water Cooling (@ 25deg C): self

Dimensions (WxHxD inches)

Optical Head: 6x8x24
Power Supply 23x31x30

6.3x79
3

30

10

3

700
4.2

3
random
xenon
1

10

220
50/60
1

40

5 GFM
35 PSI

6x8x36
23x41x38

9.5x108
5

100

10

10

800
12.5

5
random
xenon
2

b

208
50/60
3
75

5 GPM
35 PSI

6x8x40
27x41x57




Series 9400 - Specifications

Q-SWITCH OPTION (-0Q)

Pulse width (nanoseconds): 20 20 20
Pulse Energy (millijoules) 30 450 1,000
Peak Power (megawatts): 1.5 22.5 S50
Polarization: vert vert vert
CAVITY DUMPED OPTION (-CD)
Pulse width (nanoseconds): 5 5 na
Pulse Energy (millijoules) 10 100 na
Peak Power (megawatts): 2 20 na
Polarization: vert vert na
* OPTIONS at extra cost

Operation at 1.319 micrometers available. Energy output is

about 30% of that at 1.064 micrometers.

Longer pulse widths available in normal mode. They are:
Model 9403 up to 500 microseconds
Model 9430 up to 1,200 microseconds
Model 94100 up to 5,000 microseconds

Longer pulse widths not needed for
Q-Switch or Cavity-Dumped option.

Customer may specify up to 5 selective pulse widths.

Horizontal polarization for Q-Switch or Cavity-Dumped
option available at no extra cost.

Horizontal or vertical polarization for normal mode
operation is available.

Single Transverse Mode (TEMoo) option available. Energy
output is about 5 to 10% of that specified above
(Q-Switch/Cavity-Dumped maximum is 25 millijoules).

Higher repetition rates are available at reduced outputs.
up to 200 Hertz for Model 9403
up to 50 Hertz for Model 9430
up to 20 Hertz for Model 94100
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High-Power Lasers
and Systems

O RN Sy, 5> RIS
9000 Series

Lasermetrics offers a complete line of pulsed. high pcwer
lasers and integrated systems for industrial and scientific
applications. The modular laser components and acces-
sories are designed for convenience, ease of alignment, ana
reliability. Modules may be combined to obtain a variety of
performance characteristics inctuding high power amplifi-
cation, mode tocking, Q-switching, pulse shaping. single ¢
multiple pulse gating and harmonic generation. These func
tions can be optimized for any particular application.

SERIES 9000 RANGE OF PERFORMANCE

Wavelengths, 1.34, 1.06, 1.05, 0.69. 067, 0.53. 0.353.
um: 0.345,0.265

Pulse Energy: Conventional Mode — up to 100 joules
Q-switched — up to 15 joules

Laser Materials: YAG. Ruby, Glass
Peak Power: Uptc 1 GW

APPLICATIONS

Holography
Non-destructive Interferometry
Lidar & Ranging

Weilding & Cutting

Drilling

Dynamic Balancing
Photochemistry
Fiuorescence Spectroscopy
Schlieren Photography
Plasma Diagnostics
Non-Linear Effects
Scattering Experiments

NEW NUMBERS
—PHONE-1407) 878-8995.

LASERMETRICS

FAX: (407) 679-0180

Laser Applications Division

3500 Aloma Avenue. Winter Park. Fiorida 32792

Fax. (305) 679-0180 Telex 80-8881 Telephone (305) 678-8935




Lasermetrics s a unique source of lasers and laser systems. Established in 1965, the company speciahzes in the
growth of electro-optic and non-linear crystals and has developed an extensive product line of laser pulse controi
components and ultra-fast switching systems. These products inciude:

Pockels Cell Q-Switches Optical Harmonic Generators
Amphiude Modulators Picosecond Detectcrs
Phase/Frequency Modulators Laser Pulse Shapers & Slicers
Picosecond Shutters Gimbals & Positioning Devices
Polarizers Holographic Components

Our experience and knowhow in these fields benefit customers by identification of the techniques and com-
ponents needed to produce reliable laser systems which meet the specifications and requirements of the user.

Typical Q-Switched Ruby Laser System;
Model 933R3H-2. Includes GP-4 Q-Switch
Driver, Polarizer and Mounting Gimbals.

9330 SERIES — 3 inch Laser System, Ruby, Nd: YAG, Nd: Glass, Conventional Mode -Q-Switched High Rep-Rate
(60PPM) and Low Rep-Rate (6PPM)

NOMINAL SPECIFICATIONS
OouTPUT PULSE PEAK BEAM

MODEL LASER ROD ENERGY WIDTH POWER DIVERGENCE P.R.F.
933R3L-1 Ruby 3" x 3/8" 0-10J 0.75ms NA 3mr 6PPM
933R3H-1 Ruby 3" x 3/8” 0-10J 0.75ms NA 3-5mr 60PPM
933R3H-2 Ruby 3" x 3/8” 0-1.5J 12-15ns 100MW min. 3-5mr 60PPM
933R3L-2 Ruby 3" x 3/8" 0-1.5J 12-15ns 100MW min. 3mr 6PPM
933G3L-1 Nd: Glass 3" x 3/8" 0-10J 0.75ms NA 3mr 6PPM
933G3L-3 Nd: Glass 3" x 3/8" 0-1.5J 12-15ns 100MW min. 3mr 6PPM
933Y3L-1 Nd: YAG 3" x 3/8" 0-10J 0.75ms NA 3mr 6PPM
933Y3H-1 Nd: YAG 3" x 3/8" 0-10J 0.75ms NA 3-Smr 60PPM
933Y3H-3 Nd: YAG 3" x 3/8" 0-0.75J 12-15ns 50MW min 3-5mr 60PPM
933Y3L-3 Nd: YAG 3" x 3/8" 0-1.0J 12-15ns 67MW min. 3mr 6PPM

Specifications subject to change without notice.




9360 SERIES — 6 inch Laser System, Ruby. N YAG. Nd Giass, Conventional Mode - Q-Switcned High Rep-Rate
{60PPM) and Low Rep-Rate (6PPM)

NOMINAL SPECIFICATIONS

QuUTPhUT PULSE PEAK BEAM

MODEL" LASER ROD ENERGY WIDTH POWER DIVERGENCE P.RF
936R3L-1 Ruby 6" x 3 8" 0-30J 0.75ms NA 3mr 6PPM
936R3H-1 Ruby 6" x 38" 0-20J 0.75ms NA 3-5mr 60PPM
936R3L-2 Ruby 6" x 3 8" 0-2.04 12-15ns 133MW min. 3mr 6PPM
936R3H-2 Ruby 6" x 3.8" 0-2.0J 12-15ns 133MW min. 3-5mr 60PPM
936G3L-1 Nd: Glass 6" x 38" 0-30J 0.75ms NA 3mr 6PPM
936G3L-3 Nd: Glass 6" x 3/8" 0-2.0J 12-15ns 133MW min. 3mr 6PPM
936Y3L-1 Nd: YAG 6" x 3.8" 0-30J 0.75ms NA 3mr 6PPM
936Y3H-1 Nd: YAG 6" x 3:8" 0-30J 0.75ms NA 3-5mr 60PPM
936Y3L-3 Nd: YAG 6" x 3'8" 0-2J 12-15ns 133MW min 3mr 6PPM
936Y3H-3 Nd: YAG 6" x 38" 0-2J 12-15ns 133MW min. 3-5mr 60PPM

*NOTE All 936 models are available with ‘2-inch-diameter laser rods for increased output specifications. To order, change digit
#5 1n pant number from 3 to 4.

9380 SERIES — Oscillator, Oscillator-Amplifier Systems, Ruby, Nd: Glass, Conventional Mode and Q-Switched

938R6L-1 Ruby 8" x 3.4” 0-100J4 1.5ms NA 3-5mr  4PPM

938R3R4L-4 Amp. Ruby 8" x 3.4" 0-7.5J 15ns 500MW 3mr 4PPM
and
Osc. Ruby 3" x 1/2"

938R6R4L-4 Amp. Ruby 8" x 3/4" 0-15J 15ns 1000MW 3mr 4PPM
and
Osc. Ruby 6" x 1/2"

938G6L-1 Nd: Glass 8" x 3/4" 0-100J 1.5ms NA sSmr 4PPM

938G3G4L-6  Amp. Nd: Glass 0-7.5J 15ns 500MW 3mr 4PPM
8" x 3/4" and
Osc. Nd: Giass
"x12
938G4G4L-6 Amp. Nd: Glass 0-15J 15ns 1000MW 3mr 4PPM
8" x 3/4" and
Osc. Nd: Glass
6"x1/2"

‘
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Mode/! 936R3H-1

Ruby Amplifier with an
Uocollimator and

Model 5016 Pulse Slicing
and Shaping System.




-
CHFIi.chn o - S

MODEL NUMEFR NG SYSTEM

Denotes Laser Product
Rod Length. Inches
R = Ruby, Y = YAG. G = Giass
Rod Diameter. Eighths of an Inch

/—— PRF. H = High. L = Low

p— pereesessen

933R2H~[_ 2 je— system Contfiguration Sutfix

Exampie above is a Y4 " diameter x 3" long ruby. Q-Switched system.

Exampie: 938G6G4L-6 is a Q-Switched Nd: Glass QOscillator-Amplifier
with upcollimator. two polarizers and a
GP-4 Q-Switched Driver.

Mode-Locked Lasers: Contact our Sales Department for Specifications on our Mode-Locked Laser System
SYSTEM CONFIGURATIONS

SUFFIX
) [ | «— FEONTMIRROR RUBY, Nd YAG. Nd GLASS
REAR MIRROR
2=, ¢t T RUBY
I RK L1 } Nd YAG, Nd GLASS
\ POLARIZERS Q-SWITCH OSCILLATOR

RUBY

4 )

3§ =K ] E = ] Q-SWITCH OSC. — AMPLIFIER

\— UP-COLLIMATOR

RUBY

5 § = X (] F —— O @ T gsw — AMP. — AvP.
Nd YAG, Nd GLASS
wjisl=C3 | —oC3 Q-SW. OSC. — AMP.
Nd YAG, Nd GLASS
miseke ] | =] o= 7 Q-SW. OSC. — AMP — AMP

RUBY, Nd YAG, Nd GLASS

@ 3 ] bt CONV. MODE — SPATIALLY FILTERE
~ OSCILLATOR
SPATIAL FILTER
. u RUBY
@ =K 3 nt Q-SW — HOLOGRAPHIC OSC.
4 RUBY
(10 = K 3 nbl o] Q5W. — HOLOGRAPHIC OSC. — AM
RUBY

ac

(1 = K — E 0 (T30 o=@ T3 osw— HOLOGRAPHIC OSC.

OSC. — AMP — AMP
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FEATURES

LASER HEAD Compact. Treated Aluminum Laser Head

* Utiizes de-icmzec lamunar flow water cooling — no need for corrosive or expensive coolants
* Laserrodis crotected ‘rom soianzation

* Corrosion free materiats used throughout

* interchangeable laser rods. o-ning sealed

* Fioating tlash iamp 1 000.000 shot capabiiity

* Efficient. inexpensive laser head tamp reflector

* Completety compatible with all Lasermetrnics’ peripheral equipment

OPTICAL RAIL — Moaular Optical Components Mounted to Stable U Channel Optica! Rail

* Building block approach for simplicity and convenient configuration changes

* Optically stabie. 3 point contact mirror and gimbal mounts used throughout for long term stability
* Invar side rais and remnforced optical rails available for extreme stability

¢ User replaceable optical components

* Varnety of optical carriages avatlable for specialized applications

¢ Total system alignment time less than 15 min.

POWER SUPPLY & HEAT EXCHANGER — 1980's integrated Laser Power Supply and Heat Exchanger

* Integrated circuits and prnintec circuit boards with easy access and servicing kept in mind

* All components overdesigned for high reliability

« Safety features a top pnority. Meets all B.R.H. safety standards including overvoltage protection circurtry, all access sides
interlocked. iaboratory door and “Laser” room light interlocks. laser coolant, temperature and pressure interlocks on
primary and secondary systems. Automatic optical rail shutters for laser cavity and alignment autocollimator.

* Efficientsingle or three-phase 50-60Hz charging circuit using constant monitoring and regulation of pulse forming network
voltage for shot-to-shot repeatability

* Remote control convenience — external computer programming available for all control functions

* Remote controllers can be used in master/slave configurations for multiple laser head configurations such as
Oscilator/Ampnfier systems

* Remote controller and power supply indicators, show system status at all times

* Butlt-In Auto-Fire and rep-rate generators avaiiabie for all modeis

Lime frequency iocned Circuitry for accurate rep-rate timing. Easily criarigeu iur either 50Hz or 60H. uperation

« Front panel connector for external PFN

Straightforward controls for ease of operation

Intermed:ate water temperature shut down point at 85°F (30°C) on external coolant moaels. Convenient standby mode for
fast temperature correction in case of temporary secondary coolant failure.

Model 938R6L-1
Ruby Amplitier with a
5020 Mode Locked
Pulse Extraction
and Pulse Shaping
System. (8601 Driver)




= TCESORIES

- Q-Switch modules and puise drnvers
* Puise shcing systems 150 P S 1 5ns Puise Widths)
Al systems have harmonic generation acdig-on feature

* Mode-locked extraction systems

Jp Down collimators

integrated HeNe alignment lasers and autocoliimators

Pulse counting totalizer

« Praset pulse counter. to allow the user to set predetermined number of pulses and repetition rate for automatic ngeraltion
- Laser pulse monitor, energy and power meters

* Laser pulse regutator — actively adjusts bank voltage each shot to help maintain a constant outgu!

¢ Optical scanning systems

« X.Y tabie options. including programmable systems to accommodate various work functions

* Complete holographic systems. including beam splitters. lens and film plate hoiders. incorporating single and muiti-culse

bursts

* Multiple head and frequency doubiing crystals avatlable for harmonic wavelength experiments and apphicatiors
* Character generator for marking systems

+ Electronic interfacing for single or muitiple bus control

» Laser safety eye protectors available directly from Lasermetrics

* Totally enclosed systems for factory environments, inciuding purging for “dusty' areas

* Compiete gaseous atmosphere at work area for various applications
* T.V. or tilm monitoring of work surface

* X-Y position read out for repeatibility at work surface

* Complete line of view optics, shutters and displays

Model 938G3G4L 6
Q-Switched Nd: Glass
Oscillator — Amplifier
with GP-4 Q-Switch
Driver, Polarizers,
Upcollimator and
Mounting Gimbals.

U.S. Bureau of Radiological Health
(BRH) warning logotypes, similar to
that shown here appearon eachlas-
er to indicate the BRH classifica-
tion and to certity that the output
power of the laser will not exceed
the power lave! printed on the logo-
type which is approximately 50%
greater than the rated output power,
shown in tabie.

VISIBLE AND INVISIBLE LASER
RADIATION. AVOID EYE OR
SKIN EXPOSURE TO DIRECT
OR SCATTERED RADIATION

MAX. OUTPUT — SEE TABLE

CLASS IV LASER PRODUCT

t Copynght 1987
LA-HPLB-8701
Printed USA 2 SM
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Compact Laser System KLS 016
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CCCTEE AT T g

- ow.CE ange o Goreval e paramels’s

- EXleNCeg monionrg OSSIoilies

- 238y operalior

- SMOoth ang efiectve N1eqgralon pCSSIDmlies i prody:: -
LOr svstems

- Complying with interranonail salety regulations

~ wige ranqe uf slanaarc accessories

Range of Applications

ne ALS 016 iaser s 3 spot weiging source allowing 'C
actreve weiaing aepths up 1o i mm( 047) and spot diamelers
uL 0 P Zmm 0477 By using a laser beam deflection o a
ipre CoNC syslem it s possible to extend and adap! the
SysteT [0 the respective appication

Services

Lasag guarantees compelent consultation on matters relat-
irQ o oappihcatons An :ntensive training of customers or
operaror ans mainterance and afler saies sérvice operating

woraw.ce

The Technology

The compact cesign of the iaser head allows convenent
mounirg possibiities ang easy maintenance The attach-
~ert ¢t g resonator extension. if Jesirec with HeNe position-
g aser. s pessibie

Tre starcarc iaser head s equipped with a monocular
v 2w g Oplc with adjusiable cross-hair As an option it can
be rep aced with a binocuiar or tnnocular viewing system with
a c.csez circut TV monitor

4 grare-of-the-art laser control system incorporates three
m:zroprocessors for demanding real tme operations and
a :ows & conlinuous adustment of all important laser parame-
ters ncuging the pulse energy The input data is entered via
tre neyoearg or the user interface Ramping and burst para-

Wav2 .ergir
Eeam giamerer
Puse curation

P.ise Irequency
Puse power

Puise energy
Average Power ug 0

Services

Eiectrical
Main voltage

Main trequency

Power

Max Phase current (eff )
Recommanded Fuses

Water Cooling

Water Inlet
Water Qutlet
Water Consumption

Dimensions and Weights

T both cptions rogelher
nel possibie

220 v = 0% (P+=N=E5,
singie-phase

50 =2 1 JSA 6C Rz

2 xVA

10 A
10 A

2-10bar 18 Ci6s ~:
back pressure free

Siymin Y 5US Galicrsimr

300111 8%

205 (8 17) p———fme]

‘,
60 (2 4% %»-—3
0+

a

melers are also programmable Full safety interlocks and
comprehensive fault diagnostics are also provided within the
cortret system The operating panel 1s located on the power
supply cabinet As an option it can be delivered mounted in a

o
2

remote controi cabinet with a cabie length of 5 metres (over 233(8.27 ————[—;
16 ‘t iong)
Optional Laser ST B

Beam Deflection System

By using a beam defiection system up to @ maximum of 50 T Towe
sootwelds can be lased on a non-moviig work prece. The , il o
aeflection of the laser beam 1s done by moving mirrors, and ‘
the posiioning of the spotwelds on the work piece i1s freely
programmable by means of a diode pin matrix

Optional Fibre Optics

=100 47

12500 (49 )

I

5851237
p————

C
Instead of a standard laser head it 1s possible to connect fibre M~ T
optic modules for 1 or 3 fibres to the laser This option ‘ E :
extends the flexibility of the system and allows in particular to ;j
use il together with production robots _ 1 %*
N Dimensions i mm gnd Inches
|~ Wweighis
Laser head 14 kg 13! ibs
Power supply 150 kg 1330 b

subgec! o change

Lasag AG. Steffisburgstrasse 1. CH-3600 Thun (Switzerland)
Tel 033 224522, Telex 921171 lasa ch. FAX 033 224173
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Specifications (nominal values)
Laser type
Wave length

Beam diameter

Pulse duration

Pulse frequency

Pulse power

Pulse energy

Average power up to
Services:

Main volltage

Main frequency

Power

Max. phase current (eff.)
Recommended fuses
Water inlet

Water outlat

Water consumption
Dimensions:

Weight:

220 V + 10 % (P+N+E) single-phase
50 hz

2 kVA

10 A

10 A

2 - 10 bar, 18 °C (64 °F)

back pressure free

5 Vmin. (1.3 US Gallons/mir.)

585 x 605 x 1'305 mm

170 kg, approx. net weight




LASAG-Laser KLS 112, 322, 522
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Advantages of LASAG Nd:
YAG-Lasers

Versatility

H.ghest processing Hlexibility and optimal setting
of foca’ point quarantees pertect results in cutting.
weiding. and anfiing.

e NO tnermai distortion in material

e Nc contact or tool wear

® Processing (in magnetic field or under tension

e Novacuum chamber needed

Economy

e Pouerfyl optimized laser processing

e User ‘riendly operation

o Qu.chk ;nterchangeability of adapter units

Controlling the Laser Process

The tnyrister controlled power supply with laser
opuise average power nearing 20 kW is necessary
for high quality cuts and holes. In addition, this

'S yust as important for welding highly reflective
matarial Such as precious metals.

Simpre controi of the working process through

a censtant pulse form eliminates time consuming
setiing-up

User friendly

LASAG lasers are for user frienaly applications
N ingustrial appfications.

Main characteristics:

e Short training time

e Quick interchangeability with few adjustments
e Simple lamp exchange due to flip out cavity
e Magnetic protection glass holder

e Cxternal resonator adjustment

Simple use because of:

e Remote controf by CNC, computer. etc.

e HeNe aiming beam

e Protection and cutting gas solenoid

e fasily adjustable focal point position

Reliability
Strict quality control and testing guarantee
reliabiiity even for 24-hour operation.

Safety

All LASAG lasers conform to European and U. S.
safety standards.

Safety class IP 54/INeMA 12.

integratability
Its compact design makes it easy for integration
1nto many processing systems. Well conceived

over mechanical, optical, and electrical interfacing.

L

Flip out cavity reduces down time

Mirror holder for fast easy exchangeability

The correct Laser Source for a particular
Machining Task

Various laser sources have been designed for
different machining tasks. This is shown in
the following diagram:

Application i~ matenas ncaness e
sow macreng rag?
- gé (KLS | KLS | KLS
e 5l {112 | 322 522
-4
Drng : }




Applications

Spot Welding

Lasers can be used for spot welding to depths up to
15 mm (0.06";. Their high pulse power makes it
even possible to weld high thermal conductivity
materials like copper, gold, and silver.

Seam Welding

Welding depth to a penetration of 1.5 mm (0.06") is
possible at relatively high speeds and excellent
quality. This is achieved through high pulse repeti-
tion rates up to 300 Hz and high average output
power.

Cutting and Drilling

With the wide range and excelient control of pulse
parameters available, it is possible to achieve pre-
cise cutting and drilling. Material thicknesses can
range from thin foils to 6 mm (0.24"). Short pulse
durations (0.2 ms) and high peak powers (20 kW for
KLS 522) combine to achieve outstanding machi-
nability especially in hardened materials.

20 — -

Driling

g .

Z o
< [ welding i

> [

e £ Deep welding

€ .« +—fQ cutting ’

&

a

5 6
Pulse durationinms ————

Range of applications for LASAG laser KLS 322

Service

e Competent consulitation for any application is
provided by our staff

e Intensive training on operation and maintenance
of our systems is available through our
Customer Service Department

e World-wide after sales service is pr2ic~d oy
our network of local representatives

e Production of preliminary batches

Tecnnique

Laser Head

Mounting flexibility 1s achieved aue to its long sien-
der compact design. Stability 1s obtained through
1ts 3 point mounting with a ribbed base construc-
ton.

All optics and beams are enclosed in a dust-free
environment. The mechanical interface allows for
quick and precise change to different adaptation
units (trepan, fiber optics, etc.). Also utilizing a new
flip out design of the cavity. lamp replacement
becomes quick and easy with no re-alignment
necessary.

A built in HeNe aiming laser used 17 al'gnment
enables positioning of the workpiece. A simple
resonator design with motorized beam expander
makes adjustment simple for different processing
applications.

The rear end murror is mounted in a way that at
different positions it can always be adjusted
externally, without removing a cover. High beam
stability is achieved through thermal insulation of
the cavity.

For flexible access to the workpiece the processing
head can be tilted +/- 100°. Three different focal
lengths are offered - standard 100 mm (4*), 150 mm
(67}, and 300 mm (12"} - with a rapid change pro-
tection glass. The focal point is positionable within
10 mm (0.4") by fine toothed gears with a mechani-
cal readout.

A solenoid for protection- or cutting-gas is also inte-
grated. For positioning and viewing the beam, the
processing heads come standard with a monocular
and cross hair. Eye protection is made possible by a
built in filter. Finally, to illuminate the viewing area,
an integrated halogen lamp with fiber optic is
used.

Power Supply '
The cabinet is of modular design allowing for quick
and simple maintenance. It is equipped with an
infinitely variable pulse duration featuring high
pulse output.

These are important criteria for cutting and drilling
applications. Careful design ensures delivery of the
full nominal output power over the entire energy
range.
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Processing head witn binocular and built in CCTV camera

Operator control panel

Control Unit

As standard equipment, the LASAG lasers contain
a state of the art control system. Three micropro-
cessors are utilized for real time operations includ-
ing special functions. This unit also prevents the
selecting of improper laser parameters which are
harmful to the flash lamps or produce stress on the
internal components.

Primary Control Parameters
The LASAG real time control unit monitors the
overall safety circuit and the laser system
functions. It also offers the following adjustments:
e [aser parameters
(energy. puise duration. frequency)
e Energy regulation
o Multi shot
e Ramping (up or down)
e Single shot
Programmable system parameters:
e Limiting values
e [aser application mode
e Charging voltage and energy tolerance
® Fnergy calibration factor
The limits of the different functions are contrc!led:
e Absolute values for charging voltage.
frequency, and pulse length
® Proportional (pulse length for given frequency)
® Pufse energy
e Average power
e Commutating current
A high regulating and measuring accuracy
featured by this control unit results in high stability
and repeatability of the work piece.
Over the interface controf signals as follows
are transmitted.
e Remote control, RS 232 interface
e Muilti shot (single and series)
e Ramping
Further user friendly features are:
e Energy readout and regulation
® Resettable pulse counter, self diagnostic.
Also, this control unit allows for interfacing of
additional power supplies for oscillatorlamplifier
combinations.

Accessories

® Binocular viewing

e CCTV camera

e Connection for LASAG-fiber-optic-system
utilizing 1 or 3 fiber-optic cables instead
of processing head. Therefore, flexibility of the
KLS laser is obtained for integration into robot
production systems. Different length cables and
attachments depending upon application.

o Various beam paths (i.e. beam splitter)

e Remote operator control panel

e External energy monitor

o Special selected laser rod for drilling
applications




Optical Schematic for LASAG Nd: YAG-Lasers
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Dimensions and Weights

Power supply

KLS 112 = 35 kN (770 Ib.)
KLS 322 = 7.0 kN (1540 Ib.)
KLS 522 = 7.0 kN (1540 Ib.)
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Dimensions in mm and inches

KLS 322, KLS 522 = 1170 (46")

KLS 112 = 585 (23")
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Standard Specifications

Nd: YAG-Laser-Type KLS 112 KLS 322 KLS 522
Wwavelength 1.06 um 1.06 um 1.06 um

Beam diameter o 6 mm 5 mm 9 mm o
Pulse duration o 0.1-20 ms 0.1-20 ms 0.1-20 ms -
Pulse repetition rate - 300 Hz 300 Hz 300 Hz .
Pulse peak power 4.5 kW 12 kW 20 kW

Puise energy 354 50 J 50J

Pulse éverage power 100 W 300 W 450 W

Values apply only to compact resonator

Requirements
Electrical KLS 112 KLS 322 KLS 522
Mains voltage 3x380 Vi220 V + 10%

For other voltages or 3 phase without neutral,

an external transformer is required
Mains frequency 50 Hz 50 Hz 50 Hz
Power consumption 11 kVA 16 kVA 20 kVA
Max. phase current (eff) 16 A 25A 30A
Recommended fuses 20A 40A 40 A
Water KLS 112 KLS 322 KLS 522
Input 30-150 psi, max. 64 °F for all lasers
Qutput no back no back no back

pressure pressure pressure
Consumption (depends on load) 0.5-2.5g/min. 0.5-4.7 gimin. 0.5-4.7 g/min.
Subject to engineering changes Presented by:

Warning labels (except USA) USA label

LASAG AG, Steffisburgstrasse 1, CH-3600 Thun, Switzerland, Telephone 033-224522, Telex 921171 lasa ch, FAX 033-224173
An enterprise of

US-Subsidiary: LASAG Corporation, 702 West Algonquin Road, Arlington Heights, lllinois 60005, Telephone 312-593 3021,
Telex 023-494 1019 LASAG, FAX 312-593 5062
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Advantages of
LASAG-Fiber-Optic-Technology

Small investment Costs
Beam sharing 10 more than one work station
aver long gisiances

Time Savings
Muitipie processng at various stations at the
same time

Multiple Applications
Fiexibility in most work stations with interfacing
connections for robotics

Same Advantages as in Laser Processing
Non-contact manufacturing. small heat affected
zone. tugh production speeds and excellent
preccess quality.

Modular Design

Inciuded in this modular design are:

e Standard LASAG laser source

® Fixed working heads or multiple beam
delivery Systems

e Fiber-optic cables

e Compact profile of the processing heads

Areas of Application

Laser processing with fiber-optics

include installations where:

® you need simultaneous seam or spot welds

e you have limited space where a complete
processing head will not fit

e you need beam delivery to more than
one work station simultaneously or one after
another on the same and/or similar
processing function

e you need laser processing done in inaccessible
areas

® you need laser processing in a severe
working environment.

—-‘
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Processing head for weicing

Processing head with eye piece for welding

Processing head with cutting nozzle and gas assist

Accessory:
Processing head for
welding with closed
circuit TV camera




Cutting

POSS0ie G e Doy s Hchness
Spot Welding
Passibie up ra T mm o 04 gepth.

Seam Welding

sor seams up to 1mm (0 047) depth and 0.3 mm
2di) o 2 mm (008 width. high processing
speed  and oulstanding  processing quality s
Asnoved This 1S due to migh frequency ana an
worage power of 200 Watt which can be trans-
~uttod through a processing head

Technique

Processing Heads

£or the fiper-oplic-system different processing
heads are offered.

versatile mounting is achieved through its small
Jimensions and light weight which allows for flexi-
Die applicability

Obtainable working distances nf 43 mm (1.7") and
97 mm ({3.87) can be ordered.

Processing heads for welding applications can be
fitted with eye pieces used in viewing and position-
Ng the working point. Also for viewing purposes. a
close circuit TV camera can be attached.

Connection Module
The standard program covers different versions
as follows:
e Manual control of single connector module
e Manual control of triple connector module with
‘3 laser power per fiber (parallel beam sharing)
e Electrical control of triple connector module
using remote control with full laser power
per fiber (series time sharing)
e Special versions with up to six connections
are possible.
The manually switchable connection module is
used mainly for specific mass production pur-
poses.
The remote control switchable connection module
is used where time sharing of the laser beam can be
delivered. Usually to different work stations where
the same or similar processing function is
required.

—
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Triple connection moduie with positioning eye piece and
friber-oplic

Fiber-Optic Cable

The fiber-optic cable 1s used to transmit laser
energy and s protected by a metal jacket and viny!
coated. Therefore. the cable is protected against
mechanical, chemical and other hazardous envi-
ronments.
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Service

Assistance
Competent advice on all questions by
our specialists

Training
Thorough training of customers in use and
maintenance of the laser system.

Customer Service
Worldwide service through LASAG or
focal representatives.

Laser-Processing
Possibilities of sample work for feasibility
studies.
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Remote Control Triple Connection Module

Dimensions in mm and inches




LASAG-Fiber-Optic-Program

Connection Modules

Manuafl cortrot
e " Eper-gptic conector
e S Fiper-optic o7 wnectors using s the laser energy per connector

2 er-optic connectors switchable by remote control at 1 Hz. with beam sharing of 3 x 100 °.
of:aser power

Otner energy sphtting percentages upon request. up to two connection modules in series possible

Fiber-Optic Cables

Standara lengths for 3. 5 and 10 m. (approx. 10", 16" and 33’)

e 200u Fiber-optic, max. 7 Joule or 40 Watt average power
e 400u Fiber-optic. max. 15 Joule or 100 Watt average power
® 600u Fiber-optic. max. 30 Joule or 200 Watt average power

Processing Heads

Without eye prece, < 45 mm (1.8") with 97 mm (3.8") working distance, 1.1 representation
Without eye piece. & 45 mm (1.8") with 43 mm (1.7") working distance, 1:0.5 representation
With eye piece, < 45 mm (1.87) with 97 mm (3.8") working distance, 1.1 representation
With eye piece. Z 45 mm (1.8”) with 43 mm (1.7") working distance, 1:0.5 representation

All heads with = 45 mm (1.8") come with easily exchangeable protection glass.

Options
o Closed circuit TV viewing with 1:1 representation
e Cutting nozzle with gas connection

Subject to engineering changes Presented by:
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Warning labels (except {/SA) USA label

LASAG AG. Steffisburgstrasse 1, CH-3600 Thun, Switzerland, Telephone 033-224522, Telex 921171lasa ch. FAX 033-224173
An enterprise of

US-Subsidiary: LASAG Corporation, 702 West Algonquin Road. Arlington Heights, lliinois 60005, Telephone 312-593 3021,
Telex 023-494 1019 LASAG, FAX 312-593 5062
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Q-SWITCHED LASERSYSTEMS

In LASAG's modular optic system is also a Q-switch model
available. It is built into a resonator extension and contains:

- Pockels cell
- Polariser
- High voltage PC-driver

The model can directly be attached to the standard laserheacs
(LaK 101 and Lak 301)

Tecchndical Specificataens

wavelength 1.96 um *

Free running pulse (variable) 200 usec

Q-switched pulse 15 - 20 nsec

Pulse rate 1 - 50 Hz depending on model
Beamdiameter apprx 5 mm :
Polarisation linear

Divergences typically 2 - 3 mrad

Energy variation (electrically) 1:8

* Frequency doubling available

Output cnengy - relatively o pulse Length «in Wscc

Pulse length 1 us 5 us 10 us 50 us 10 us
Oscillator 0.015 0.75 0.15 0.75 1.5
Osc. + 1 ampl. 0.10 0.40 0.70 2.0 4.0
Osc. + 2 ampl. 0.50 0.85 1.50 4.0 6.0

n . i '
L Q-Switched Lasersystems Arikelnumme Dot
LASAG AG Verwendung ]Anderum Toltum 24.6.83/Af 89_.. 0057 :_.02 :.
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LASER PHOTONICS

ONE SOURCE,
ENIDLESS POSSIBILITIES...

MYL Series

..For Near IR,

.-.For Visible, Our compact, rugged, self
Our subnanosecond puise width LN Series and contained ND:Yag lasers
UVIDL Series nitrogen/dye lasers tune the entire also operate at 1.06,. Our
spectrum. Our solid state Nd:Yag frequency AKl lasers operate with
doubled lasers offer high energy at 532nm. Xe-He gas for 2-34 tuning.

NitroDye LN Series

MegaPlus LN Series

...For Far IR,
~-For Deep UV, Our AKI Serles and our sealed, waveguide CLI
Our new BBO frequency Serles CO and CO, lasers provide 5-7; and 9-11x tun-
doubled nitrogen pumped ing, respectively. With our FIRL System and the AKI
dye lasers extend your CO, laser as a pump source, wavelengths can be
tuning range to 205nm. extended to 1200u.

Our technical staff will provide the equipment, support, service
and advice necessary to fill all your laser needs. Call us.

1-800-624-3628

Laser Photonics, Inc.
Scientific Division

12351 Research Parkway 5145 Avenida Encinas
Orlando, Florida 32826 Carisbad, California 92008
407-281-4103 619-431-9600
Telex: 293924 LPI UR Fax: 619-431-9603

Fax: 407-281-4114
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Nd: YAG Lasers




Molectron background
Motectron Ccroarates embarked on a
program te Je.e0r a pulsed Nd YAG
aser 'n 137€ As the eading suppher of
tunabie pu'ses Jye :asers pumped Dy ni-
trogen lasers Moweciior vieweqd the YAG
laser as a ~ea ~g" OCwE€’ QUMD sOurCce
for dye ‘asers anc cne 'hat would affow
an exltensicn o' the tyning range in the UV
ang the .n'"3ed (rrough shmulated
Ra~ an scater g ang ‘requency m.xing
techrniques Ct CCssiie with milrogen
‘asers Thus e JCieIive was to provide
a YAG Dye svsie™ a1~ both migner pulse
energy anc Cr2ade’ tum ng range than
Nz Dye systems

The tas« ¢! Jeveioping a igh power
and hign guaity Na YAG faser which
sells at a reascnabie pnce was not an
easy one Cusigcmers wanted ‘turn-key’
operation ar< a taser that woulg work for
thousands of nours without reaignment
and without ma,of tauure To meet thig
objective 3 ‘eam of four engineers and
designers cpenenced n puisea Nd YAG
lasers was nirea (Therr combined expe-
nence 's a™ost 40 years') This team also
worked on arother Molectron Nd YAG
proguct. a CW ‘ase’ system for medical
apphcators

The Mcieciron trachtion of a geaica-
hon 1o rewabii'y and performance was
quickly ass:milated by this team The
result of ther efforts was a new optical
des:gn which combines excelient near-
Gauss:ar beam quahty with maximum
puise energy 'n a convernient, easy 1o
use system This laser aiso promises o
be even mote rehable than Molectron's
well-known nitrogen lasers which have
set indusiry standards for puised laser
rehaliity

Types of Nd:YAG lasers

The Nd YAG iaser was among the earlhest
developed having been operated both in
the pulsed ang CW of continuous wave
modes in 1964 The early versions
produced a pulse 100 microseconds In
duration which was actually a group of
much shorter puises Control of the cawvity
"Q" or "Q-switching” was added fater and
resulted in shorter pulses of 10-30
nanoseconds duration bul with extremely
high peak power. Nearly all pulsed YAG
1asers today are Q-swilched 10 produce
megawalts of peak power output

2

TEM,, Cawity
Until recently the §:an0arg oplica! con-
hguration was the TEM,, cavily shown
« Figure 1a This design produced an
outpu! beam with a Gaussian prolile ang
iow divergence The Gaussian TEM,, of
fungamenia! mode as thus beam s
calted is the optimum beam profile
because il 1s the only one which never
changes as 1t propagates (‘once a
Gaussian. always a Gaussian’). and ut
'S the mos! uniform beam profile A great
aeal of etfort s spent in Jaser design
10 produce a Gaussian beam

Unfortunately the TEM,, cavity 1s
iimited n the amount of energy that can
pe extracied tfrom the YAG rod While a
standard 6 3mm diameter by 75mm long
rod can store 400-500mJ oniy 10-30mJ
can be delivered in the TEM,, mode
because 10 produce such a8 mode the
beam must be resincled by an aperture
1o a diameter much smaller than the rod
Thus the TEM,, mode operates only in
the small central region of the rod

If the aperture in a TEM,, cawvity is en-
larged the output energy inCreases but
hgher order modes appear By the time
the aperture is the size of the rod, approx-
imately 250mJ can be produced but the
beam divergence has increased to 8-10
millirachans This “mulimode” output 1
not useful In apphcations requinng either
uriform beam quaity of low divergence

The only way to achieve both high
pulse energy and low divergence with
the TEM,, oscillator approach is to add
amplifier stages A typical configuration
uses three amplifier stages to produce
350mJ at 1064nm in a2 Gaussian beam
Unfortunately such a system (s both
compiex and expensive

Ditfraction-coupled unstable resonators
The term “unstable” in resonator design
refers 1o the optical configuration and
does not imply a mechanical or opera-
tional instabthity An unstable resonator 1s
basically one in which there 1s no closed
ray path That s, aif rays eventually
leave the cavity, often around one of
the murrors

The unstable resonator shown in
Figure 1b was introduced in 1976 as
an alternative to the muitipie amplifier
TEM,, system. This resonatot is known
as "diffraction-coupled” because the
beam exits and diffracts around a small
total reflecting output murror. The term
“positive unstable” refers to the positive
curvature of the output mirror.

This type of resonator produces
both high pulse energy (250mJ) and low

A Dedication to Rel} asllhty and Performance

Seeryer e U5 Tan C 3 0caT AT LT (\
T3s e ientaly 3DAtar o o prae '
wzvetronl Puise gura on zegenac o
Loh caaity tengih @anQ pumr ererg, & ?
3 'ypicady Brs for @ 60c™ cavily The
ceam prolie 1s that of a Jonut N the -2 3¢
el because the outpul Mirror OCClutes
‘e central region Fresnei nngs a'so
appear in the intermegiate heid as a
~odulation 10 the gonut protile These
*ngs are caused by adfractior from e
eages of the Nd YAG roc anc ‘aoe aray
~ the far e
Qne of the charactlensices of 1his Se-

sign 1s (hat the aonut does no! pers:s
Because the beam s giffracted sharg ,
around the output murror the beam prz‘e
constantly changes as a tunction of ¢ 5
:ance from the laser inthe intermec z'e
tield (1-5 meters) a small central spc” ap-
pears which has extremely high powe-
Jensity. up 1o four mes that of the az-ut,
and 's polennally damaging 10 ophicz
components This spot. called botr ime
Poisson spot” and the "spot of Arags
Zauses a aiscontinuily in the refraclive
ngex of frans~ithing matenais and 1eaJs
10 self-focussing and potential materals
gamage In the tar fieid. approximatery 10
meters from the laser. the beam profile 1s
the classical Airy pattern with 60-80% of C‘

the energy 1n the central iobe

Figure 1c shows the opucal schema-
tic of a "negative” unstable resonator so
termed because of the concave output
mirror The optical and mechanicat toier-
ances in this design are less stringent
than those for the positive versions As a
result this design 1s well suited for miltary
lasers and has been used for several
years by miktary equipment contraciors
For mirror curvatures identical 10 the
positive counterpart, the cavity 1$ twice
as long and produces a 'onget puise.
15ns for a 120cm cavity Otherwise the
output 1s identical 1o the positive version

Polarization-coupled stable resonator
Late in 1977 a stable resonator using
potarization output couphng was intto-
duced Shown in Figure 1d. this design
employs two factors different from previ-
ous designs First, it uses polanzaton
lechniques 10 couple the beam out of the
cawvily: and second !! uses the oscillaior
rod ac an amplifier 10 increase the ouput
energy

The basic resonator 1s a TEM,, con-
figuration formed by the concave rear
murror and partally refiective front sur-
face of the quarter-wave plate The aper-
ure restricts the osciilator to the center of
the rod and the resufung beam, polarzed
hornizontally, 1s low in energy This beam
exits the cavity through the A/4 plate
which converts the beam 1o circular
polarization. When reflected off the con-
vex mirror and passed back through the

¢
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Cearr s po " 222 verilal, then
ampnte 3o 3 YAG rog ang cownle X ou!
Dy Imer2a o= Aersiner recoihrales
the Dea™

Whoe tme 2sciianr outpat s TEM
the Dea~™ ex* =g the poarnzer s nct The
OscC.llaler nas Zepeles the gar altre roc
center 52 1”e dulput bea™m has 3 prom-
nent aip 7 tne center Fresnet nngs aiso
are present a3~ are more severe thanin
the aitfrachor coupiea unstabie Jesign
because the bea™ s Jverging as
re-enters the rog tor amphhcaton

Nate tha! this Jesign Jepenas on
converung a. of the honzonlally polanzed
osciialor bea™ 10 vertcal poarnzahon tor
couphng out of the cavity intact thermal
birefingence n the YAG rod converts
some ¢! the amplt:ed beam to honzontal
poiarizator At high pump energies this
unwanted feelback upsets cavity oscilla-
ncns angd hmits the ener@y and qualty
of the oo out beam A stangarg 6 3mm
diameter Dy 75mmong rod ca~ dehver
only 150mJ with th:s Jesign but larger
rods Can getver more energy

Molectron approach
In 1977 Molectron selected the negative
unstable resonator with diftraction-
coupled output (Figure 1c) as the best
choice for a commercial product Only
the unstable resonator could provide high
pulse energy n a low divergence beam.
although the resulting donut beam was
recognized as less than deal tor most
apphcations

Atter proving the negative unstable
agesign Molectron engineers began an
exploratory investigation of polarization
output coupling This type of output cou-
ping had the potental of overcoming
the geficiencies of the "donul” beam
Rather than apply polarization couphng to
a stable resonalor, Moleciron engineers
chose the unsiable resonator

The results at first were disappoint-
ing Although the early designs delivered

higr energy in a low divergence beam
the beam profile in the near field was tar
from sausfactory. resembhling concentr.c
nngs Further improvements reduced the
nng modulabon considerably until iate
in 1978 a design was found which nad
no modulation on the beam and whose
intensity decreased monotonically away
from the beam center Quantitative beam
profiles indicated a beam close to Gaus-
sian in shape at all pos#ions away from
the laser (Figure 1e)

This gesign 1s now available in
the MY-Series Pulsed Nd YAG Lasers
descnbec in this brochure 111 the only
gesign which provides near-Gaussian
beam quality while maintaining both high
pulse energy and low divergence This
"Fountain” gesign 1s named after s
developer Wilhiam D Fountain

F.g 1 Nag YAG Cavity Designs

(o) Ditfraction-Coupled
Positive Unstable

(¢) Dittraction-Coupled
Negative Unstable

(d) Polarization-Coupled

Stable
(e) “Fountain”
Polarization-Coupled
Unstable

Nd:YAG Rod

(@ TEMoo % @

Configuration
Near Field

Beam Protile
Far Fieid
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How it works

Mirrors M ang M form the optical cavity
In the reg -~ 1o the et ¢f the ntracavity
potarizer ‘=& beam™ s pe:anzed honzon-
tally In passing through tne quarter-wave
piate Ihe Deam becomes elipucally
potanzes Atter reteching off mirror M:
ang pass ~3 back 'rrough the wave
plate the Teamw s polanzes approxi-
maiel, 75%: 0 ihe veruca! plane anc 25%
i the hor 2-nta' piane The vertical com-
ponent 1s ouped out of the cavily by the
poiarzer wnie the horzontal compaonent
remans - ‘e cavty as '~e feedback
comgone-:

Note mree aishirct gifterences trom
the Poia’ Z31.0n-Coucled stable resorator
First the cuarter-wave plate goes not act
as a mirrz ang 1s not set with its axis at
45° whic™ woula couple essentially 100%
ot the bea™ out of the cavily Second.
thermal b refringence i the Nd YAG rod
has no aoverse e'fect on performance
because ‘he wave plate axs s agjusted
for optimu™ output couping which
then incluses the effects of thermal
birefringence Third, the oulput beam
1S colimaed. requinng no lens and
producing no Fresnel nngs

The norizontal component of the
beam wr Zh remams in the cawvily must
pass ‘hrough an aperture before reach-

g ot M This apertre 4t as ‘re
1385 mecramism for the cavly Tnal s
jusSt as - the oitbraciion coupie 3 uns'apie
esonator the Lea™ wa'ks s ady ou!
o! tne ¢cawv:t, arcung the ot marror in the
Fountar gesign the bea™ wa's 11s way
ou! of the cavily and sirikes the aperiure
However the enerqQy lost at the aperture 1s
very small

The exceptional near-Gaussian
beam quality of this design 1s procuced
by a subtle solution subset of the unsta-
ble resonator probiem An obvious means
of achieving such beam qualty 15 10
restnct the aperture. just as n a TEM,,
stable resonator But pulse energy ts
sacrficed as inthe TEM,, case A not
50 obvious s0lulion is 10 magnity the
concentnc rnngs produced in the early
designs so that the nngs are eclipsed
by the aperture leaving only the uniform
central spot This s the principle behind
the Fountain osciftator
Outside the osciliator
Atier the beam exits the cavity it s InCi-
dent on a second polanzer which s used
10 improve the polanzation ratio before
amphification Two turning murrors then
direct the beam along the rear beam
tine of the laser

In an oscillator-alone conhguration,
a beam-reducing telescope 1s used to
ncrease the power density on the har-
monic crystals. A complementary beam-
expanding telescope on the output brings
the beam back o its onginal size and
also permits adjustment of the output
divergence

in an osciliator’amplifier configura-
tion, the amplifier stage repiaces the
beam-reducing telescope which 1s not

QoL ha'Cr Deaman Il Lo

Ine pcslive tner~a’ ensirg ' 'ne

GO T I R S AN IR TR T

[T Latere say gyt

amgp-ter ma

ir poin configura’ 0 me Lea T
enfers a3 seaied ha meorCs Six Ane's
the 2ngd 3rd ang 4in harmonics are
generated {SHG THG and FHG
respectively) Each harmonic Cryslal <
1N a hermeticaliy sealed cell and xep! at
an elevaled temperature staple to 005C
10 improve long-term stabiity The crys-
tals are angie tunec with thumbpwheeis
accessible trom outstge the 1aser

Before the SHG crystal. a hatt-wave
plate rotales the potanzation of the
1064nm beam 1o an axis appropriate 'c
the type of SHG crystal used either Type |
or Type Il Foilowing the crystais. dichro¢
beamsplitter pavs separate sequentially
the shortest wavelength trom the com-
bined beam These murors are high
reflectors for the shortest wavetengtn
ang high transmutters for the ionger
wavelengths Following the gichroics.
half-wave plates may be nserted 10
produce any desired polanzaton axis

The dichroics and wave plales a‘e
mounted on interchangeable "chess
pieces ' to permit any combination o'
these beams of different wavelengths 1o
be directed out the three exit ports of the
laser. The center beam line pumps ine
dye faser directly. the rear beam line is
used for mixing with the dye {aser outputl
or for expenments such as CARS which
reguie a8 second wavelength. and the
front beam line s reserved for the re-
sidual fundamental beam. A water-cooled
beam dump 1s included with the har-
monics assembly lo contain the 1064nm
beam safely inside the laser

K8

Amphtfier
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$32nm

1064 nm

Harmonics Assembly
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Beam quatity
The auipe Loz 2 ime Mr-Serec acers
Nas a neas Dz.i< an prote N ihe near
rterned s 27 2 'ar e os The scanned
array protee T2 ow 2 tne near field patiern
shows the zariz-ure o Gaussian 10 be
very smai €z: , e551ran 20% at any
point on e £U It e

In the ~ez- ‘ e1g the cuter reqions
ol the bea~ 22237 10 be somewhat
square Tra: < alow ntensidy burn
pattern wou 2 Z2 shghtiy square in
appearance ~Iaever scanned array
protites atorg = *ner 457 &:agonal shows
this distort:or "2 De very weak. again
less than 20° zeparture from Gaussian
Variable pulse duration
The intracav:, guarter-wave plate 1s
rotated 10 var, :ne cutpul coupiing for
maximum e~e-3, at 1064nm This posi-
11on correspor s to the shoriest pulse
duration, 15ns 2y rotating the waveplate
s gntly fro™ cc*-mum the puise duration
increases 'c accroxmately 30ns Of
course the Fa-—onic etficiencies fall
because the c= 3n power density has
decreasec
Amplitude stability
The MY-Se .es ase€rs employ a number
of technicues 12 maximize amphitude
stability
1 Simmered f'ashlamps—a small "keep
alive” current —aintains an arc down the
center of eacr tiashlamp so the main dis-
charge has a aetli-gefined path to foliow
Simmered las~amps also have higher
efficiencies a~a much longer ifetimes
than ynsimmered lamps
2 Small bore f.ashiamps—there is a
tendency 10 use a large bore fiash-

dVA A Tsva AU A CAAVALMIQAQLLLCS

1ampE 1o increase famp e but '3 iy
's sacriced because the arc  aan-
gers aroung the bore from puise 1o
pulse The MY.Ser.es lasers use smail
famps the bores o' whic™ are entirely
tilled by each pulse Flashlamp lfe s
maintained Dy the low pulse energy of
the aischarge and normally exceeds
30 milion pulses
3. Voltage-reguiated power supply—
the flashiamp charging supply 1S voit-
age regulated 1o 0 1% Thus the stored
energy for the flashlamp 1s stable to
approximately 0 2%. which with the
simmer and small bore design pro-
auce a very stable rod gan from
pulse-to-pulse
The tustogram below shows the en-
ergy distnbution of pulses at 1064nm over
a ime period of ten minutes The data
was collected using the IR Monitor signal.
an LP20 Laser Pholometer (boxcar) in a
sample-and-hoid mode. and the DL240
Laser Scan Control based on an HP9825A
Desk Calculator The results show a
stability for 90% of the pulses of =125%
while 100% of the puises occurred
within 3 =2% envelope Similar data
for the harmonic wavelengths has led to
the specifications shown on page 15
Long-term stability measurements
show that the mean value of the histo-
gram is stable to =5% over a 2 hour
period and =8% over a 4 hour penod.
Temporal puise shape
Without the MY-SAM Single Axial Mode
accessory. all MY-Series oscillators oper-
ate over several axial modes. The tem-

'3 Adve's ™ ren 2:50.3,5 Sr.eai
Crominent Deats as stoan b, 'repre:
beow The secaralon Le'aeer Ire bea's
1S e cavly round-trp trarsit tme 7ns

The pnolo recorgen approx-Taley
1200 pulses auring a twc minute expo-
sufe and reveals both peax power stabei-
ity and tow ptter from the Q-swilch “sync
which was used 1o externally Ingger the
oscilloscope

An interesting feature of these beats
1§ that the« position reiative 10 the
Q-swilch tngger 1s fixed A change in the
tlashlamp energy moves the envelope of
the waveform. but each beat remains sta-
tionary Thus when the flashiamp energy
15 changed. the temporat waveform
changes continuously as the adjacent
beat becomes more or less dominant
The wavetorm shown s the extreme case
of one dominant bea! the other extreme
1S the case of two equal beats

The temporal profile "emains con-
stant for hours at @ ime Jue 10 excellen!
gain stabiity
Timing sequence
The sequence shown in the figure con-
tains the important timing information
The Q-swich high voltage supply 1s
triggered hirst at t=0 so the voltage cor-
responding to A/4 retardation 1s achieved
betore there is any gain in the oscillator
Next the flashiamps fire at approximately
t=200us accompanied by the flashlamp
“sync” output. The Q-switch trigger 1s ad-
justed to occur at maximum gain approx-
imately 175us after the flashlamp “sync”
The laser output occurs approximately
100ns ater

Reticon Array Protie of Output Beam

Temporat Profue of Ouilput Beam

Stabiily Histogram (6000 pulses)

K 0 Puses ——e—e——
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l Models MY 34, IV Y 33,
MY34 and MY35

FEATURES

¢ High efficiency, high refiability
design

s Modular for later upgrading

¢ Optimum beam protile:
near-Gaussian

e Variable puise duration 15-30 ns o Soec 1eo

¢ Low jitter, stable temporal profile ' /\

o Excellent pulse-to-puise energy 4
and peak power stability 3 /

¢ Programmed Q-switch power

supply N / / '
/

MY32 and MY34. Based on a 6 3mm
diameter oscifiator rod and 8. 5mm diame-
ter amphitier The MY32 can be upgraded
in the fieid to an MY34 Both maodels are

. available in 10 and 20 pps versions

Average Power 31 1064 nm (W)

{N
<
B
é

MY33 and MY3S. Based on 8 5mm s
diameter oscillator and amplitier rods /

[
T
The MY 33 can be upgraded in the field 1o . /
an MY35 The MY33 i1s avarlable in 10 and / /\um w0
20pps versions; the MY35 is avarlable A

only at 10 pps. /7

[y

10 and 20 pps Versions ° 0 x e
Because thermal lensing of the osculiator Aeoerion Rate (008
rod vanes with repetition rate, only the
‘ design rate of 10 or 20 pps gives a colli-
mated output beam. At lower rates the
beam dwerges 10 as much as twice the Rl BT
minimum value. At higher rates the beam - \
converges weakly to a focus in the tar *00¢
field The diameler at focus may be
only slightly less than the original beam
diameter.
The pulse energy output at 1064 nm
is relatively constant over a wide range of
VISIBLE AND/OR INVISIBLE repetition rates, subject to power supply

: ) 00
LASER RAADIATION imitations. H n n
o limitations. However, the pulse energy |

0
TG OIRECT OR SCATTERED RADIATION each of the harmonics peaks at or near | urzz10 5 wi ‘
the design rate because the harmonic ef- 200 —— \-\

ficiency is sensitive to beam divergence.

To designate repetition rate, each 0 I
0 Y 20 kY

MY 10 _

! YN

MY wvirs:

Puise Energy at {6Enm imy)

mode! has an appropriate sutfix —10 or

CLASS v LASER PRODUCT ~-20 as shown in the figures at the flgh(. Aepetition Aate (1pOS)
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Rellability

% lnvar Resonator. The two cavity mirrors
{and only mese mirrors) are mounted
to the rugged Invar resonator structure
which 1s k-~2matcally mounted to the

ture insures iong term ahgnment stabiily
Rigid Baseplate. The heavy aluminum
plate s s'-2ngthened by U-shaped
stitfeners _~oer each beam line and a
vertical scoport hinontop The plate is
kinematca'y mounted to the end bezels
10 insure solation from the main support-
ing frame

REAR MIRROR

baseplate This stable and i1solated struc-

Q-SWITCH

Sealed Beam Line. Tre ertre beam .ne
1S enciosed either in tubes or n proteclive
boxes to prolect the optical components
from dirt and potent:ial damage
Conservative Electrical Design. All com-
ponents are operated at or beiow 75% of
ratings for long hfe

Conservative Optical Design. Power
densities are kep! below 100MW.cm? Al
optics are tested for damage resistance
pnor 1o instaliation in the laser

COVER SEALED
INTERLOCKS DIVERGING LENS BEAM LINE
TURNING INVAR
MIRRORS RESONATOR

APERTURE

POLARIZER

Flexibllity

Modular Design. A3c me armpu‘er a'e’

if you prefer or conver: from 10 pps ¢ 20
pPs All accessores can be agded i the
fiald

Multiple Beam Ports. Three output beam
ports can accommodate any of the
output wavelengths Change from one
wavelength to another in minutes
Vanable Pulse Duration. Select the
duration from 15 to 30 ns which suits
your expernment

OSCILLATOR IR
PUMP HEAD ENERG
AMPLIFIER
PUMP HEAD SHUTTER

SERVICE PANEL




-o Ease of service

( Flashlamp Repiacement Pull o!f the
connectors ars replace the fashiamps
QuCkiy witmou* water ioss No reahgn-
ment 'S Necessary
He-Ne Alignment Scmetimes neeaed for
ccmpiete cav 'y reargnment Both ends
of the cav'ly a'¢ acte “ie orce protec-
tve covers are removed
Circuit Board Placement. The main con-
trol board 1s «ecated rght up front in the
iaser nead for easy access Alf iming
agjustments are made on this board
Convenient tes' conts are avadable for
gquick troubiesnooling

E
NITOR SHUTTER

MER RESTART

P —

Safety

Efectncal Intertocks. All covers are nter-
I0Cked 10 protect against accigental ex-
posure 1o high veitage or laser radiaton
Water Flow and Temperature Interiocks.
Botr the ciosed cycie and exlernal water
syslems are .nleriocked against flow
sloppage and excessive coolant
temperature

Remote Interiock. This connector permits
easy integration to a laboratory warning
system such as the LS30 Laser Safety
and interlock System.

BASEPLATE
SUPPORT FiIN

WATER-COOLED

‘NSFORMERS HARMONICS ASSEMBLY BEAM DUMP

MAIN CONTROL
B0OARD

JUARTER-WAVE PLATE

CONTROL PANEL

FRONT MIRROR RIGID BASEPLATE

QUTPUT
BEAM PORTS
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High Voltage Power Supply. Both

the osaHla s and ampater yse high-
etticiency ~.27er power suppnhes which
rave a sw:2” ~grate of 12xH2 anc

are tarely 2. 05!e These suppres are

current rez . 3'€3 10 charge ne sicrage
zapacdor 2 2 ~ear corslan rate unt!
the gesiteZ ~ 21age s ‘eache atwhich
hme Ihe s.OC eS swiIch "o v iage
reguianon

Both &2l s anc 12004 s sueohes
are used ~-e near 2anstacl cureent
2nangmng I, I S SrCAT atove

The 6210 ¢ soppty 2arn change the
osc hator 12 604 ' 10pps However only
abou! 304 are normatly useo teaving a
resigual cacac !ty for higher repetition

ra‘es A 30J me maximum L Ctage s re-
guced o ' 5=V 0 the max .~ average
powe' aehvered s 450W T s ‘ne slor-
age capacior wilt be fully cha'ged up 1o
about 'Spps Above this rate "me siorec
energy Jecreases rapidly Tre “ashiamp
oules meter o~ the service £2~e ingic-
ates ihe lowe- stored energy & nigh
repetdion rates

Simuarry the 1200W supd . fof the
ampatier can genver 120J pu-se at 10pps
A' the typical 60J leve! thare 5 enough
reserve capaciy 1o operais a' ‘ull energy
10 15¢ps The 20pps mode s _se double
‘he normal powe’ supply canacity and
can operate at full stored energy (o about
30pps
Power Distribution Chassis. All fusing
cortror refay s and low vollaze supres
3re contained in this chass:s
PFN Chassis. Contains the cutse-
torming networks for both osc:llator and
amphher plus the associatec simmer

Now2’ SLDENeS A SF SIS 0T
redr 35013,5 a3 rat g icia Tt T o
nuTEer ¢f puises Tre su-aigt toLrs
Can 'mus dispiay Jp ¢ 108 puses
Closed Cycle Cooling System. A ze.
oMmzed wale! System s used 'ICCac T
laser heads and the beam du™p Tre
sysle~ consisis of a pump © e rese’
vO'* Je-0niZing cartnage cartc. 3ie "
ter ang wa'ter-10-waler heal ‘El:"\aFQE'
This system »s filie@ with an 3« Ccehoi-wz =
mixiyre for shipment gunng <oz sea-
sons Tap water 's required al the rate

of only 2 iters menule

Remote Interfock. Tnis safe’y interioc.
requires a conlact closure 1o operate ==
laser A mati~g conneclor with jumpe-
wire 1s incluaed The LS30 Laser Safe
and Interiock System gescrbed or pe32
14 wires direclly into th:s conneclor
Umbilical. Approximately 40 wires a*=
contained within the 4 meter iexible .~ -
bilical hose connecting the laser hea: *2
the power corsole All wires are pe -~ :-
nently attached a! each end so the tw:
units cannot be separated for shippr s

= BOWER DIS"R S _T.ON
CHASE T

REMOTE . 72ALOCK

CSCILLATOR ~ NG —
- MIGHVOLTAGE  ~Gone'®
SuPPLY
AMPLIF 23

HIGH YOLTA ST SUPPLY

Dt WATER

PROVISION
FOR AUXILIARY
AMPLIFIER SUPP,
(MY 34.20;

SESERVOIR

SHQOTS
— DEYONIZING ZQUNTER
FILTER :
B, CHASSIS — SR -
PLET T L ATE FILTER
AIRINLET L T3
T "1 WATER —---
WATER P1me ZSANECTORS
HEAT O WATER
EXCHANGER LINES
&2 oINE CORD
UMBILICAL
! CASTERS (RECESSED)

I
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MY-E Intracavity Etalon. " .o 0 e

SC3 ela > ST 3 Deen e
perature cor s 1o 208 C o The ase
Se™DIy 1S ™C L TR T N Zav !, Detaeen
Ihe po:ar cer 37 10,70 read Foilowing

Mt ghgnT =T T e 3Tsient s
recessar, Ez7w 1 3ltme funnamenta
wdve engm < r23uled rom J5Cm e
005.m " Tra -~sertoniess o 10% can
usLa y Le Cv=-Zome by increasing the
tash.amp e~e-3y Note 1ha! the trequency
tandwigins c* "ne second third ang
tourth narmeor zs are roughiy 2 3
ang 4 imes respecvely those of the
fungamenta’
MY-SAM Single Axial Mode Accessory.
Wur the MY-E '~tracav.ty E:alon in place
the bandwdi~ o' C 05¢m ' correspongds
10 approximate , '0 ax:a' modes of the
cavly Tnete~ocra! wawvetorm exhibis
the Deatls charaztersuc of mutthi-axial
mode operai =~

The MY.-SiM further retuces the
tandw:gth by Zomr2iling me Q-swich
voliage so or . ne Tignest 33N moegde
cr.sses thresm .2 Dver 0% of the
puL:Ses are .7 2 € T 0Je bul NO! 3'wavs
the same MCcZz A"y $ nGg€ MmOde Duise
will have the mzar rarsform-imiteg
tanaw:ath of zocrex mately SOMHZ
or 0 0017cm ' aniie the envelope of
alt such pulses s targer approximalely
0 01cm™

In agditor 1o reducing the laser
banaw:ath the MY-SAM produces
a smooth outpu! pulse with no "beals
Pulse-to-pulse energy and peak power
stability are improved as well The energy
l0ss to achieve single mogde operation (s
approximately 20% inciuding etalon
insernon loss
Harmonic Generator Systems. The
MY-Ser.es Nc YAG asers are etficient
genreralors of aii the commaon harmonics
Tne second (532nm) ang thirg (355nm)
harmonics are excellent pump sources
for dye lasers ana as with the fundamen-
1al beam. are usetur for mixng with the
dye laser oulp Lt 10 generate both ul-
traviolet and near-infrared wavelengths
The fourth harmonic (266nm) 1g neither
an etficient nor reiiable dye laser pump
but it does have many apphcations as a
powerful UV source
MY-HA Harmomc Assembly. The basic
housing for ali the possible harmonic con-
hguratons Th's sealed container protects
all of the optica! components from dust,
Just as the beam tubes protect the re-
maingder of the System
Harmonic Crystals. All are KOP nr KD*P
crystais 14mm square by 25mm long and
housed in an oven assembly with AR-
coated windows All crystals are angle
tuned via the external thumbwheel con-
trols. Temperature control for long term
stabiity becomes more criical for each
succeeding harmonic SHG 1s reasonably

gy THG siece so ang far FHG
lemperghyre Ionol g esannly ' aver
SUOIT et Creralion

MY532-2 T,pe Il KD'P Tre g ot ¢ pne
Qerer3iyr 2532 Rotalor axns g ver.
NCa 3nlouttut po:dnzalgn ho.2on1a!
The res.2ua 1064nm Deam s ehphically
polarnzed Puise energy specit:calons at
532nm are wih Type Ht SHG

MY532-1 Type | KD*P Approximatety
70% as etficcent as Type !l SHG but the
residual 1064nm beam 1S iinearty
poianzea verucafly Rotahon aws .s verli-
ca ang o.tpu! polarizal:on hor:zontal
MY355 Type 1t KD*P Roialon ax:s hor-
zontal ang outpui polanzation verncai
Requires horizontal 532n~ ana verthca!
1064nm input beam polanzalion Whiie
Type | SHG provides the igea! poiariza-
nor oroperties Type H SHG resuts in

higmor sulput at 355nm- The pu'se energy
sreC * zations at 355rm are wih Type 1l
SHG

MY266. Type | KDP The residual
1064:m Dea™ 1s removed prior 10 FHG
It ex~ rate nealng of the crystat by the
funda mentai KOP i1s then used rather
than k2P as with the other harmonics
The FHG crystal absorbs some of the
generated 266nm beam ano self-heats 10
Q0° phase-match where efticiency s a
maximum Any loss in power reduces the
setf-heating and crystal temperature and
efficiency 1s lost As a result the 266nm

4 AW IIVALLD

Cea™ 52 3 ve, unsat e Dot tan e
Tar SiaL e 'or3s 'lorgascre ot
carefut, aaweg nic 90 pnase malo
Beamspliitter Assembhies Al of me nar
moTiCs are separated {fom 10nge’ ag. <
lengihs by Jichroic teamsoiitiers amic
refiect »99°% of the Jesirex ha mgr ¢
ang tra~smir »85°% of the 1onger wa.e
iength seams Twe zeaspitiers are
useq in seres 10 ‘eguce ine amou~: o
Jrwantes raaalcn to ess than 2%
Absoroing hiters are availabie i turtrer
reguce the bacrgroung racialon

The beamsphtier assemtunes :nCiuis
(w0 GIChITIC Murrors Mountea 9N femc. -
able stands plus an AR-coatea outpu:
wingow for the harmonics assembly Tre
removable sltands are gesigneac as
chess pieces with locating pins for
rapia change of harmonic conhiguratc
MY532-VBS Variable Beam Splitter.
Many apphcations require that ine 53¢~
beam be useqd for two purposes for
example 10 pump a aye laser ang 1o 0>
vige the second beam in a two-bea™ er-
periment such as CARS The MY532.VBS
uses a polanzer and rolating wavepiate
10 produce two parallel output beams
whose refative intensies are externally
adjustable over a 10 1 range

int-acavily Etaton

Harmon:c Generators

4
‘m

Beamspitters

iggi

Variable Beam Spiitter
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CONTROLS
Control Panel. Sa‘ery «ey swilch controls

mar- powe* PushC UGN switches conven-

iently star: arc sicp the aser READY
hght :raicates a@ -~ler'ocks are satished
ON ngrt serves 3s em™ssion warning
mnaicator a~c sa’ shes the BRH require-
meni SHUTTER GPEN ight ndicates
tea™1s or shu'lers are controlied Dy
the remdte percan:

Service Panel. Recessed behing the
service goor

Flashlamp Joules Controls. Polentiom-
elers cont'c the ".g" vollage apphed 1o
the osc-iiator ana ampiher pulse-forming
ner'works Pane. meter indicates corres-
poraing joues ¢! stored energy
Repetiion Rate Controls. FIXED position
1$ 10 or 20 ops 2epending on mode!
VARABLE pos:tor 2nabies the poten-
torester abgove ‘or 5-20 or 10-30 pps EXT
pos hor enabies the flashlamp tngger on
rear pane!l Q-swieh can be dnven either
internaily or exter~aily wher the

ttash amps are controlled externally
Q-Switch Controls. LONG position dis-
ables the Q-switch and gives a 100us
pulse usetul for aignment INT position
drives the Q-swiich frominternal iming
crrcuits The Q-swilch delay 1s adjusted
on the main controt card EXT position
enables the Q-switch tngger on the rear
pane!

Q-Swrtich Voltage. Controls the hoid-off
voltage appheo 1o the Pockels cell

12
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Rear Panel Connectors. Convenient
Controi and inputl output ines

Flashlamp Sync. Oulput pulse occurs
appreximately 170us betore the laser
pulse Jitter1s less than =25ns
Q-Switch Sync. Output pulse occurs
approximately 100ns before the laser
pulse Jitter s less than =1ins

Flashlamp Tngger. For exiernal control
of the i1aser over the range 5-20pps of
10-30pps depending on mode! Lockout
cicunts prohibit operation outside hese
ranges

Q-Switch Trigger. For external co~trol of
the Q-switch A variabie delay generator
1S required which 1s tnggered by the
flasntamp sync oulput of external tngger

Remote Pendant. Converient remote
control box on a 4 meter cord which can
be placed near the experiment

Shutter Control. Lighted swilch controls
both shutlers in the faser head The
shutters will close automatcally if the
external interlock on the power console

1S opened.

Q-Switch Control. NORMAL position
enables control trom the service panel.
SINGLE SHOT position disables the
Q-switch tngger in the FIXED rep rate
mode Depressing the pushbution en-
ables the Q-switch on the next pulse This
single shot mode 1s useful for ahgning op-
tics pnor to an expernment

COMPONENTS

Pump Cavity. The pump cavity conta:ns
the Nd YAG rod and tlashtamps in a
goid-coated double elipse Water from
the closed cycle cooling system floods
the cavity to cool the rod and flashiamps
A 1ube of UV-absorbing glass surrounds
the 1aser rod to filter out short wavelength
flashlamp energy which does not pump
the Iaser transition Flashlamps are re-
moved by simply pulhing them out The
lop famp 1s remopveq first 10 break the
waler seal and allow the water 1o gran
back 10 the reservorr in the power
console

Q-Switch. The Q-Switch s a KD*P Poc-
kels cell contained in an index matching
flug with AR coated windows tor low 10ss
The avalanche transistor chain surrounds
the cell for low inductance and high
spead The entire assembly is contained
in a Faraday shield 10 suppress RFI The
Q-switch 1s virtually the only source of
RFiin the system. but its low energy and
shielded design keep RFI to a minimum
Flashlamp Simmer Supply. A 50-60 mA
current 1s used to mamtain an arc In the
hashiamps at @ imes This "keep-ahve”
current increases flashlamp ife and re-
duces pulse-to-puise energy fluctuations
in the iaser output Shouid the main
discharge extinguish the simmer, an
automatic circuit restarts the current
before the next pulse

Q-switch Power Supply. This pro-
grammed supply apphes high voltage to
the Q-switch crystal only dunng a
flashiamp pulse to reduce “time-at-
voltage”, the most important determinant
of Q-switch lifetime.
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P38-O101 P-ower Me(er Head

pange V' -3¢’ es sea™s ol e 20md
pulse 3 a” . aa.e.ength For mgner
ene’jes ~= PFR Fresne’ Refiecior is
1eCom™T =7 3

!

s
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\,a” a:cec “Nex-

Auxiliary Accessories

PS Adjustable Stang. =+ F 8 [ o

Pl 0t powe meter eyt

P36-1002 Power Meter Display Module.

TRIANYT ST 300N TR I AT

rg IS o Q110 10W Yy sme S
retr Mose 367002

PFR Fresnel Reflector. Unczaled tusea
s .23 wecge 17 in griameter in 30usiable
mount Fresnel reflection of about 4°%
attenuates high power bea™s 10 avord
gamage to the power mete’ neads
above Accurate cahbration faciors are
crovioed tor each wavetength B8040
Bea~ Dump 's often usea (o s1co *rans-

milted beam

BD40 Beam Dump. %' . & iiess
DIV Ve St 2l a1
' ma T aLht AT

LS30 Laser Safety and Interlock Sys-
tem. A a3'rmung and nter ocx <, zle
~RICh MOurts of. the ouiS 38 ' 3 aLl’a

e

"oty 300f 10 naicate s'alus o' iaser ~<.Je

(Green ignt for OFF yetlow tor STANTB
anc reg for ON) Door interiocx wi. c'cse
the beam srutters . the 1aboralory J0or
accigenta'’, scened

CAUTION

ENTRY ONL
BY PER R Y
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A ] ve -
dpeciiicdillons
o ST T v s . B —_
Pl frer 2yt e 2uC C : o
=320 B a0 250 363 ~ . - - - -
KRR 30 63 <ot N g
Jue *8 i 0 i i '
Ropentsr S MY 3D 0cRs Taed f 20 .arate 51.g:€ Srot
My 3..20 20pes xea 0-30 .ar.abie < nge s~ot
Beam D az~ear inmmirgl) 8 mm
Bea™ T .e'2ence nait-ange: 03 mr
Beam Q.3 ", Uniprase rear-Gaussian maxnmym
Jeviation rom Gaussan at any pomnt s 20°.
P.ige Durar zningm na *Sns stangarg ‘5 30rs vanatte
Full Energ. Banow:gin  adnout etaon 0s e
with etaion 005 cm i
with etaion ang MY-SAM 00! cm
Puise-10-FP sse Energy STabiity i
(9C% ' o sesi - *064nm =2 % .
532nm =4 % ;
325nm =6 % j
266nm =8 % i
t
T.ming Jirer — }
lrom C-satcntrgge” z ns '
‘from “as~ amg 't gger =25 ns .
Soan Power S130, - 1064nm =5 % ;
(90% o' o seg *xeCime! A
F.asnlamc S,nc Oulpul — Voltage 6-8 v 84 e )
impe Jance 50 N
R setme (max) 100 ns
Duration 150 us
O Q-Switcr Sync Outout—  Voltage 6-8 \"
Impegdance 50 N
Risetime (max} 3 ns
Duration 02 us
Flashiamgc Ext Tngger—  Voltage 5-12 \Y
impedance 50 (4]
Risetime (max) 1000 ns
Duration (min) 100 us
Q-Switcr Ext Tngger—  Voltage 512 v
impegance 50 N
Risetime {max) 400 ns
Duration {min) 1 us
Eiectncal —Vaitage 208 =10. 3 phase. 4-poie 5 wire “wye” Volts
Current MY3x-10 7 12 12 22 Amps
MY3x-20 12 17 17 na Amps
Weight —- igser head 75 kg
power consoie 80 kg
shipping 200 kg
*ar Oesgrrecerzo” r31e 0 10 or 20 oos,
Le T meag
f 166 ¢m | ‘- 49 ¢m
t—-55 cm
l / /—<—5l cm
O EE ﬂ 25%m
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There are @ ~.mber of Chataciersics

nnherent *0 a T.uised 3e 2 switched

Nd YAG lase's These chaatlensucs

chten represen: des.Gn constrants

o the engnree’

1. Sensitive cavity. Optica: aignment of
the Cav:ity Mirro°s s extremely critical
Beam q.a 1y getenorates with a
misabgn™ent of only 25 microragians,
aithougr c.'s€ energy aoes not
degrade sC rapdiy Thus tnvar or
quartz staowzaton and kinematic
mMounting {echnques are essential
tor long ter™m alignment stability

2. Thermal lensing. The YAG 100 acls
as a thin fens whese focal length
vanes inversely with the average
power ce: verec 10 the fod by the
fashiames (The etlect of this lens s
usually corrected by a corresponding
negative curvature on a cavity mirror )
it the foca’ iength deviates from
the des:g~ value performance
agetenoraes-—trst dvergence. then
pulse energy As a resull, puise
energy 's usually specihed at the
design repeltion rate

There :5 strong motivation to
minimize the effect of thermal lensing
by mimimuz ng the average power of
the flashlamps The benefit accrued s
a broader range of repelition rates at
near-optimum performance. Efficient
caviies require iess pump energy
and are less sensitive to changes in
repehtion rate

3. Q-switch lifetime. Mos! lasers use a
KD*P Pockels cell Q-switch which is
kept at hugh voltage 1o hoid off the
laser putse and swiiched to zero
potentiai at the me of maximum gain.
Such crystals have a hmited hietime
at huigh vottage due 1o 1on migration
from one electrode Mo the crystal,
reducing the transmission at 1064 nm.

Heavily-used lasers are often built
with a programmed Q-switch power
supply which applies tugh voltage just
prior to the laser pulse and thern turng
off the voltage afler the pulse While
more expensive than standard power
supphes. such programmed supplies
increase the hifetime of an even more
expensrve and cnuical component
—the Pockels cell nself

4. Clean optics. High energy pulsed
lasers place a severe strain on opticat

LASER PHOTONICS

12354 Resecarch Porkway
Orandq Honda 32826

components The smatiest amount of
dirtcn g mergr syrface can result in
ceatng damage Seep' ¢S (Sometimes
called rea sts) say that tisnot 4 a
mirror wili e damaged only “when
Ciearly great care must be laken to
insyre that optical components are
clean when they are installed and kept
clean during operation Most lasers
use 3 sealed beam line to protec! the
optics from dirt

. Waveform. The lemporal waveform

i all Q-switched NG YAG lasers
depends crilically on how many axial
modes are fa~ .3 {f only one mode s
active the pulse 1s very smooth and
resembles the pulse of a nitrogen
laser However f more than one mode
1S aclive beating between modes
produces a modufation on the
temporal profile Several prominent
peaks of “beatls” appear which are
separated by the oscillator round-tnp
transit ime

Typically 3-4 beats are present
regardless ol the resonator design
Short caviies produce shorter pulses
than farger cavities. but the round-inp
transit ime 1s less, so the beats are
closer together.

The temporal stability of the beats
depends on the jitter in the system,
which 1s discussed below. With low
/et the temporal waveform can be
extremely stable from pulse 10 pulse
Jitter. The jitter in a Q-swilched
NJ.YAG laser 1s usually referred to the
Q-switch tngger Once the Q-switch is
“turned on.” a delay of approximatey
100 ns occurs belore the puise
appears. This delay 1s gan-dependant
and decreases when the flashlamp
energy is increased.

The jitter in the timing of the out-
put pulse depends on two factors, the
switching speed of the Q-switch and
the pulse-to-pulse gan reproducibility
At high switching speeds. essentially
all axial modes of the laser are ac-
tivated simultaneously and threshold
1s reached at aimost the same time
for each mode. Conversely, a siow
Q-switch may permit several modes
to cross threshold in sequence which
increases the jitter.

Gain reproducibility is important
for low jitter because the delay from
the Q-switch trigger 10 the laser output

Characteristics of all pulsed Nd:YAG lasers

¢ zar-gepercant Tre mos! mpc::
@71 factors aftec! ng gar reLroguc
ty 3re pOwer SuLply regu'ation ango
‘asntamp reproguc ity SLEply ‘egu-
‘aton insures thal tne stored ererg,

15 constant from pulse 10 pulse whie
.ashlamp reproguc:Diity Insures that a
constant fraction of the stored erergy
1S dehivered to the Nd YAG rog Smal!
flashiamp bores and simmer cufrents
mprove flashlamp reprogucibiiity

. Nd:YAG Rods. There are a number

ot factors which influence the choice
of rod quailty and size n a puised
Ng YAG laser Of course the factors
affer depending on whether the rod 1§
used n an osciliator or amplifier stage

The rod chosen for the oscillator
should be of the finest optical quality
avalable, with wavefront aistortion of
A 4 3t 633nm over the entire iength
Rods of tesser quality will still gve
high outlput energy. but beam quality
will be sacnficed In a properly aligned
laser. poor beam uniformity i1s almost
always caused by poor rod qualty

The chorce of an amplifier rod 1s
shghtly more compflicated Uniike the
oscillator, an amplfier rod need not be
of the highest quality Wavefront
distortion of A/2 at 633nm will do very
well. This reduced requirement 1s C
indeed fortunate, for larger rods of :
oscillator quality are ahtficult to pro-
duce and are very expensive

in an amplitier the rod size should
be chosen to match the output of the
oscillator. For a low power TEM,,
osciator, a tirst amplifier 1s almost
always 6.3mm in diameter However.
for tugh energy osciliators such rods
are mnadequate—the gawmn is saturated
immediately at a low level. If too large
arod is used, for example a 9.5mm
diameter, the gain is never saturated
and energy is left wasted n the rod.
A reasonable compromise 1s 8. 5mm
diameter. The resulting stored energy
can be extracted efficiently. and such
rods are far less costiy and have far
better quality than 9.5mm rods

It a second amplifier were used. a
9 Smm rod would be in order, bul expe-
rience has shown that the poor optical
quality of such rods severely reduces
the harmonic efficiencies because
the beam 1s highly distorted. As with
the oscillator, puise energy in the
fundamental beam is not sacrificed,
but “usable energy" is.

C
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REFLECTORS AND BEAM PATTERNS

The method of transferring and directing the infrared
energy to the work level is an important factor in the
neating design and wili greatly affect the efficiency of the
heating system.

Retflectors are used to direct the radiant energy from the
source to the work area. The higher the efficiency of the
reflector. the more ragiant energy will be transferred to the
~ork level. The reflector efficiency is influenced by the
reflector matenial, its shape and contour.

One method of measuring the efficiency of the material is
by the emissivity factor. Emissivity is defined as the ratio
of the amount of energy given off by radiation from a
perfect black body: and is equal to the rate that material
will absorb energy. The fower the emissivity number the
tess the material will absorb; hence the better the refiectiv-
ity ¢f the matenal.

Few matenals can be considered for use as reflectors in
comfort heating equipment. They must have high refiectiv-
ity of infrared energy: resist corrosion, heat, moisture; and
be easily cleaned.

Aiyminum 18 a common reflector material and must be
anodized to provide suitable reflectivity and withstand the

heal levels present in an :nfrared heater Gold anodized
aluminum 1s best suited as a refleclor matenal when the
combined factors of cost, workability and ~e:ght are con-
sigered. Dirt will accumulate ON the surface and not IN the
chemical ccmposition with the gold. Within the infrared
energy portion of the spectrum, clear ancdized aluminum
reflectors achieve 83 percent reflectivity. Gold anodized
aluminum reflectors achieve 92 percent refiectivity. The
most highly efficient reflector readily avaifable is a specu-
lar gold plated matenal, which is rarely used due to the pro-
hibitive cost of gold. Fostona uses gold anodized ajlumi-
num for reflectors and end caps in their electric infrared
heating equipment to provide the highest economical
reflectivity and durability.

The Seam pattern created by the reflector must be em.
phasized i1n tne heating design. First the reflector must
create a straight vertical line from the heat source o the
werk area This is the pattern centerline. Secongly. the
reflector will converge or concentrate the energy into a
choice of wide. medium Or narrow patterns In the electrnic
infrared comfort heat \ndustry, reffectors are also designed
for asymmetric. symmetric and offset patterns as shown
below.

REFLECTOR PATTERNS
/./’ N TN - ; ST
- o CELON P >~ . - -
| N ' ] \ N R \ N Pt
_ N N \.__“ v s /' - . - \’
-
30°S 60°S 60° Trimline 30°S
- . - T T~ . N 7 \\.
_— PR , T~ ~ [/ -~ g —_ e ~
N 7 \\ ‘\ > ~ . \\
4 < p— v hS R —_— -
100°S 30°A 60°A 30° A Offset
oM o
¥~100 /(9’0\\ A specific heat pattern can easily be identified by
45 the number of bends in the refiector \n addition to
100° S 90°S the angle of the retlector.
No of No of No of
4603 2 Pattern Bends Pattern Bends [Panem gends
460" f
;*, 45 30°A 7 160°A : 30°3 3
§0° S 60° A 30°3 3 '50°S 8 100°5 5
30°A Oftset 8, KOS (Tnmnne)  Molded Curvel
FYARYS
30° »l30 «
£
30°S 30° A
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HEATING ELEMENTS

CLEAR QUARTZ LAMPS

%" diameter clear quartz enveiope

Coiled tungsten filament positioned on tantalum
spacers; sealed porcelain end caps; nert gas filied

Color temperature emitted: approximately 4100°F
— high brightness

96 % radiant efficiency****

Fastest heat-up and cool-down (Refer to Graph A)
Moisture resistance: highest

Mechanical ruggedness: average

Available wattages: 500-3650; available voitages:
120-480

Highest cost per watt (average)

e Lite expectancy: 5000 hours with a 4-year pro-rated

warranty
APPLICATIONS: All snowlice control; all outdoor
and most indoor applications; high bay applications;
indoor area highly exposed to cold air infiltration.
MOUNTING HEIGHTS: 12 and ABOVE (Indoor),

10’ and BELOW (Outdoor)

QUARTZ TUBES

%, *s, h " diameter quartz enveiope

Nickel-chrcme alloy coited element with porcelain
end caps and pigtail termination

Color temperature emitted: approximately 1800°F
— bright orange glow

Approximately 60% radiant efficiency”**"*

Fast heat-up and cooi-down (Refer to Graph B)
Maisture resistance: high

Mechanical ruggedness: good

Available wattages: 450-3200; available voitages:
120-480

Lowest cost per watt (average)

Life expectancy: 5000 hours with 4.year pro-rated
warranty.

APPLICATIONS: Indoor spot heating and total area
heating; Preferred when controlling application with
percentage input himer

MOUNTING HEIGHTS: 12’ and UNDER

STRAIGHT or U-SHAPED RADIANT METAL RODS

.430” diameter inconel metal sheath envelope

Nickel-chrome alloy coiled element imbedded in

magnesium-oxide insulating powder

Color temperature emitted: approximately 1600°F

— dull red glow

Approximately 50°% radiant efficiency***"

Siowest heat-up and cool-down (Refer to Graph C)

Moisture resistance: lowest

Mechanical ruggedness: highest

Available wattages: Straight rod 300 - 2200
U-Shaped rod - 1800 - 4500

Available voltages. Straight rod - 120 - 240
U-Shaped rod - 120 - 480

High cost per watt (average)

Litfe expectancy: 5000 hours with 4-year pro-rated

warranty

APPLICATIONS: Straight Rod - Indoor spot heating;

total area heating; desirable in unique cases when

extreme high vibration condition exists.

APPLICATIONS: U-Shaped Rod - Indoor spot heating;

total area heating; (these rods are used in the heavy

duty series.)

FOR SUGGESTED MOUNTING HEIGHTS, SEE
PAGE 11.

TTUAlL mectng NDuo. 5 1507, 2tficient when comparea to other fuel energies RADIANT EFFICIENCY refers to the ymoant
oft re.aquartz 1amc carnving a design toad of 1600 watts witl ot 36 « 1600 = 1536 watts 3s itrareg v,

Avanabie Radiant Energy (Percunt)

Availabte Hadiant Energy (Pescent)

Available Radiant Energy (Percent)

Heat Up
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EFFECTS of UNDER and OVER-VOLTAGE on HEAT ELEMENTS

Operating any of the three healing elements below

their cesign veitage hassthe following effects

A) Lowars tne Jdanvered wattage heat cutpu! see
Grach Dy

L) Lowers the coior temperature, therefore lowering
the infrarec efficiency See Graph E)

ci increases the hte of the heating elements

Operating any of the heating elements above their

design voltage will have the opposite or reverse effect

of those shown above.

Some heating elements are intentionally used at under
voltage design to tncrease the life of the elements.
CAUTION should be used to insure that over-voltages
do not exist in excess of 2 percent.

Reducing the voltage by "X percent does not reduce

Exampie 2 — Graph 'D’" (Metal Rod/Quartz Tube)

A 8G713A89 quartz tuce S desIgnec Tt T3 i7

Sutrut f tad0 watts at 4DV it operaraa 3 IR

186 677 ot Zesign voltage) «t wmill have ar outoul
.

of {71 » 1B00) = 1136 watts

It operated at 120 volts 150 0°- of gdesig~ .ontage:
it wilt have an output of125%: « 1600 = 200 waits

To determine the effects of using less than cesign
voltage on either of the three heat sources. Grach
E should be consulted.

Forinstance. if you wish to determine the &*fects
of using a quartz lamp at half voltage. vou can
determine the resultant wattage (33°:7: from
Graph C. you can further determine the ccerating
temperature, or color temperature. (315G °Fiof the

element from Graph E. and the resultant raciant

the watlage by the same X' percent. Refer to Graph D .
efficiency (85%) from Graph E.

to determine proper voliage/wattage relationship.
Graph D shows the relationship of wattage vs voitage

for under-voitage applications. By decreasing the voltage to 5C percer:. there s

not only a %y reduction in actual wattage. but an
additional decrease 1n RADIANT EFFICIENCY nf
11 percent (96%-85%%). Therefore the BFADIANT
output 1s now only 453 watts (85°% of 533 watts:
for a 1600 watt lamp operated at “2 voitage This
can diract you as to whether or not the hait
voltage operation willf be a good choice for your
specific application.

NOTE: The wattage reduction also varies with tne type
ot heating element.

Usage of Graph D

1y Select proper graph (depending on the type of

heat eiement being de-rated)

2) Divide ‘“voltage applied” by “element design

voitage™ to determine ‘“percentage of apphed
voltage”
Find this percentage on the horizontal axis of the
Ggraph. Move vertically from that point until it inter-
sects with plotted line. Move directly left at the
potnt of intersection to corresponding “percent
of wattage’ as shown on vertical axis.

NOTE: 't s seldom. but occasionally. ~=com-
mended to use heat sources at a lower
than design voltage.

w

Graph E

- °s Radiant Efficiency
Exampie t — Graph ‘D" (Quartz Lamp)

° . T 1 T 11 T TTIn
A #GF.1624H quartz lamp is designed to have an r T T
output of 1600 watts at 240V. If operated at 208V 4200~ T T a
° . . . ‘ . — . » — Quartz
(86.67° of design voltage) it will have an output 2000 i L LI 1LY ame
of (78°% x 1600) = 1248 watts. ' ' ‘ L 'r A’,ﬂ | Design
_ » 3800 A i~  Voitage
It operated at 120 volts (50% of design voltage) it yan m
wiit have an output of (33% % x 1600) = 533 watts. 3800 ‘ T
| H
400 A . j
Graph D 0y 7 LA
--- Nickel-Chrome Elements — Tungsten Eiements 3200 ‘ Q 4 " =t
{Quartz Tubes - Metal Rods) (Quartz Lamps) - ! K ! i
£ 3000- IR, 4 i L
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T v G &
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INFRARED FIXTURE EQUIPMENT

GENERAL DISTRIBUTION MOUNT HORIZONTAL

* 100° Symmetrical heat pattern
¢ Corrosion resistant aluminized steel housing
* 040 GOLD anodized aluminum reffector

e Meat Source — Refer to seiection chart. Page 7

e Accepts one or two elements (not three)

* Four Models: Lgth. Watts Volts

GENERAL USES/LIMITATIONS: 1) CH-100 1 300-1000 120
UL Listed for indoor and semi-protected 2y CH-200 ) 1000-3200 120. 208, 240 277
outdoor areas. . N
USE AT MOUNTING HEIGHTS OF 12’ 3) CH-300 3 1200-50C0 208. 240, 277 280
OR LOWER. 41 CH-200 4 1200-6000 208. 240. 277, <8¢
Total Area Heat, Spot Heat.

REFER TO SPECIFICATION SHEET 70-605 FOR FURTHER DETAILS
MULTI-MOUNT MOUNT HORIZONTAL

* 30°, 60°. 90° Symmetrical SYMMETRIC
and 30°, 30° Otfset. 60°
Asymmetrical heat
patterns available.

*» Corrosion resistant aluminized
steel housing.

*» Double reflector for maximum
heat pattern control.

.040 GOLD ancdized aluminum

1
.
{
t
'
+

\

eflectors 157 307 0r 30
.
ASYMMETRIC

GENERAL USES/LIMITATIONS: * Heat source — Refer to selection
UL Listed for indoor and totaily exposed chart, Page 7
outdoor areas. o T lement fixture required
Total area heat: Snowrice Control; Spot wo elements per tixture requ
Heat * Three lengths available.
MOUNTING HEIGHTS Lgth. Watts Volts
A30°.30°. A31° 1430 222 Series 2" 2000-3200 120-277
A60°.60° 1218’ 342 Series 3 2400-5000 208-480
90° - 812 (indoor mtg) 462 Series 4" 2400-7300 208-480
A30° - 8-12" {outdoor mtg)

REFER TO SPECIFICATION SHEET 70-320 FOR FURTHER DETAILS
TRIMLINE SERIES MOUNT HORIZONTAL

e 60° Symmetrical heat pattern

* Corrosion resistant aluminized steel X
housing 610’

[

'

> — * 040 GOLD anodized aluminum .
. -—- 3\ retlector 30

* Brown hi-temperature baked on
enamel
« Compact design
+ Single heat source — Quarlz tube with stud termination — r2fer to select

GENERAL USES/LIMITATIONS: chart, Page 7
UL Listed for indoor and Semi-protected » Single end wiring
gt‘;i)dtor?f atreas. * Two lengths available

ea

Lgth. Watts Volts

MOUNTING HEIGHTS = CH-46 46" 1500 or 2000 120 or 240
CH4BandCH46C - 79" CH-57 57" 3000 240 or 430
CH-57and CH-57C - 8°-10 *CH-46C 46" 1500 120
‘Hearng »iement included with heater *CH-57C 57" 3000 240

REFER TO SPECIFICATION SHEET 70-366 FOR FURTHER DETAILS
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INFRARED FIXTURE EQUIPMENT (CONT'D.)

HEAVY DUTY METAL SHEATH OVERHEAD

* 60° symmatrical heat pattern
e GOLD anodized aluminum housing

e Extruded aluminum retlector

N
\ . * Rugged U-shaped metal sheath elements
ey — (inctuded in fixture)
e = "g * Available in 5 sizes
KW MOUNTING HEIGHT PHASE i VvOLTS
B 20 810" 1 120550
45 812" 1 ] 2538-5?0
GENERAL USES/LIMITATIONS: 6.0 10°-14° 1ord 208350
UL listed tor indoor use 1356 12716 1or3 208-250
Total area heat oA T A ey
Spot heat. 27.0 15°-20 1or3 ZAOS-:?Q

REFER TO SPECIFICATION SHEETS 70-360, 70-361 FOR FURTHER DETAILS

HEAVY DUTY METAL SHEATH — PORTABLE

* 60° symmetrical heat pattern
e GOLD anodized aluminum housing
* Extruded aluminum reflector

» Rugged U-shaped metal sheath elements
(included in fixture)

e Safety wireguard — standard
* Stand or hand cart standard with all units.
* Available in 5 sizes

KW PHASE VOLTS o
1.8 1 120 N -
2.0 1 208-550 ]

45 1 208-550

2.0 and 4.5 KW have double wall housing for safer outer housing
Wireguard extends over top for additional safety

GENERAL USES/LIMITATIONS: 6.0 tor3 208-550 .
Spot heating — as a general 13.5 1or3 208-550

rule, it is better to use two
smaller units in place of one
larger unit to achieve a more
uniform coverage.

6.0 and 13.5 KW have double top and back batfles tor improved
operator safety.

27.0 Tor3d 208-550

REFER TO SPECIFICATION SHEETS 70-363, 70-364 FOR FURTHER DETAILS

NOTE: For complete information on exact heat pattern coverage, refer to specification sheets 70-601 and 70-602.




SNOW AND ICE CONTROL

Principles:
17 ALWAYS use clear Quartz tamps as proper element selection NEVER use any other cigrmar:

2) ALWAYS use the Mui-T-Mount series. The Mul-T-Mcunt units are UL approved for botn semi-exoosec ars comg.etely
exgosed areas.

{0

Fcr BEST results use the 30° symmetrnic or asymmetric units (30. A30. A31). SATISFACTCRY 25515 1an De c0laine::
~hen using 60° symmetric or 60° asymmietric patterns in semi-protected or shielded areas ¢ AC° neat cattern s re-
auired for exposed areas. consult factory for watt density NEVER use 90° pattern for snow and ce nontrol

i

Tabie B shows watt densities needed when units are mounted at 8 - 10’. For best results strive ‘oriris & - 10 evel
Ccnsult factory for densities reguired when mounting above 10°. NEVER mount above 4

[S1]

» Strive for blanket coverage.

Snow Control Factors

o cetermine the watt density of infrared required for any area. see Table 4 (located at the tack =° =& T™angat o Iotan
s:ce Jdesign temperature (1) and annuat snowfalf (Il). From Table A, obtain the value fcr sach ‘a2'Cr. 30 add Factor !
ne Factor Il together Refer to Table B to obtain watt density bascd on the total vaiue

]{ Table A '
{ Factor | Factor I
[r Outside Design Temp. °F Value Annual Snowfall Value
I -20°10 —60° ... ... 4 80" tO115" ... 4
i ~10°to =19° . ...l 3 50" 1079 . 3
5 0°to —=9° ... .. 2 207t0 49" ... ... 2
f +19°t0 +1° .. 1 10"to 19" ... ... . 1
; +40°to +18° ... .............. 0 0"to 9" ... ... .............. 0
Table B
Watt Densities per Square Foot 1
Total Value ‘Exposed *Semi-Protected *Protected '
8 200 185 160 ﬁ
7 175 160 145 |
6 125 110 100 3
5 110 100 90
4 100 90 85
3 95 jall 75
2 90 70 65

*Exposed = Totally open area
*Semi-Protected = One side closed plus roof or overhang
*Protected = Three sides closed plus root or overhang

Example: Albany, New York has an outside design temperature of — 6° or a Factor | value of 2. The yearly mean snow-
fall is 65.7 inches or a Factor il vaiue of 3. The total value is 5; therefore the watt density needed for an expos-
ed area is 110 watts per square foot.

- aE U SO N N ) B I TS TS G O IS TR S T .m =
]
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REFLECTOR
AND Table

® .
) t oria HEAT DISTRIBUTION 5
ELECTRIC INFRARED PATTERNS

The graphs shown can be used in conjunction with other material pertaining to Electric Infrared heating
and snow melting to aid in the selection of proper fixtures for the application being considered.
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Table 5 (Continued)
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CATALOG
SHEET

Electric
S t or l ﬂ Infrared
SUN-MITE’

NAED EDP 78-3045

MUL-T-MOUNT SERIES

TOTAL AREA HEAT/SPOT HEAT/
SNOW & ICE CONTROL

FEATURES:

e 30°.6C° or 90° symmetnical and 307 offset. 30° or
€0° asymmetrical heat patterns availabie

. C?rrosro? resistant alumimzed bkieel housing COMFORT HEAT FOR:
* Double reflector for maximum heat pattern control
* GOLD anodized aluminum refiectors and end caps * INCOCr and totaly 2«Looedd
¢ Two elements per fixture required — refer to catalog outdcor areas
page 70-554 for proper seleciion * TOTAL AREA HEAT
* 1 hugh temperature lead «ires for single or lwo-stage SNOW/ICE CONTRCL
* Can be wirec for single ¢r three.phase systems SPOT HEAT
¢ 3 lengths available for a wide selection of Mount ¢ MOUNTING HEIGHTS
wattage/voitage . 147 - 30" A307 3G Az
» Dark brown baked enamel finisn Horizontal 12 .18 4807 £5°
 Has knockouts for ": " conduit on both ends and € -2

centered on top of winng channel

MUL-T-MOUNT AND RECESSED FIXTURES HAVE THESE HEAT REFLECTOR PATTERNS AVAILABLE

30° SYMMETRIC 30° ASYMMETRIC  © 30° ASYMMETRIC OFFSET = 60° SYMMETRIC 60° ASYMMETRIC 90" SYMMETRIC

\l o 4'/ ' ' ".
30 > 30° < ‘\’*‘ )
z | ‘ :
' : ) i
-30-TH -A30-TH i -A31-TH ! -60-TH ] -AB0-TH -90-TH
| B

Refer to specification sheet 70-601-80 for detailed heat distribution patterns

. Maximum
’;;':";"e Fixture Wattages Voltages
el Dimensions Available Available
Series ; Per Fixture
Per Fixture
24" Length Up to ;gg
222 15" Wicth 3200 540 MODEL NUMBER EXPLANATION:
7'%" Depth W
' P 277 To order, simply add the suffix for
208 the desired pattern to the model series
32" Length Up to 240 required. For example. to order a 30°
342 13- Dty 5000 277 offset in ‘"o 342 series: 342-A31-TH
7'4" Depth w 480
208
467 Length Up to 240
452 15" Width 7300 277
7'»" Depth w 480
577
51.222 24" Length Up to ;Sg
(Rﬁfess‘ed 247 ‘3"°{2 3380 240 Reter to specification sheet 70-320
odel) o oer 277 for wiring and installation instructions

TOTAL BUILDING HEAT WITH FOSTORIA COMFORT HEAT

=,



MUL-T-MOUNT HIGHLITE ("‘/
¢ Fostoria’s exclusive hinge feature for
easy instailation
* Less expensive — why pay two people
when one can install
* Full length wireways permits
continuous rows
OPTIONAL RECESSING FRAME
FOR STANDARD MUL-T-MOUNT
e Used as an option with the Mul-T-Magunt
series to recess the fixtures 1n a ceilrg
canopy type instailation
s Corrosion resistant aluminized stes!
* Brown baked enamel finish
Ceiling Cutout Flange
Model Cimensions Owmensions
RMF-222 16%2’" x 24" 18" x 27'a”
RMF-342 16%"" x 33"’ 18" x 36'a”’
RMF-462 162" x 462"’ 18" x 49'a "
Recessed
FEATURES: Ceiling Mount APPLICATIONS AND
« 30°.60° or 90° symmetrical and Infrared Heaters MISCELLANEOUS USES: O
30° offset, 30° or 60° asymmetrical e Offices
neat patternc available
e Entryways
e Doubte reflector for maximum heat « Marquees
pattern control
* Hallways
¢« GOLD anodized aluminum reflector e Cold soots
and end caps ¥
¢ Spot heat
* Attractive design for all recessed « Total building reat
applications e
* Sncw melting
. Module;? x 2' for suspended * Garages
T-bar ceiling
* 4 high temperature lead wires for
single or two-stage .
, RMT-222 Series MINIMUM ORDER
* Can be wired for single or three- One style will work in — 12 UNITS —
phase systems - .
all type ceilings. for RMT Series o
« White baked enamel! tinish
— Mechanical Suspension Systems | Consulttactory on less than
— Plaster Ceilings 12 units.
— Inverted “Tee" Ceilings
NOTE: Recessed fixtures must be in fire-proof construction only with high temperature wire
f‘" - .“ﬁ N YOUR AREA CALL: O
( or o
l IDIISHIES IllC‘
!M-l LEINOIPR CLR T B 4] LIV TSN ""OJ -.:"'.f- *
! ENERAL PRODUCTS DIVISION | L

.

TOTAL BUILDING HEAT WITH FOSTORIA COMFORT HEAT

S
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° Electric Infrared
: Installation Instructions For
S t or .?. g Mul-T-Mount Heaters U
222, 342 & 462 Series

SUN-MI

Specificatio
Page

70-320-83

@ MOUNTING

Fostaria M- T Mot San-Aae Heaters are UL Stes e inaeor and
unprofedted Nutdear ase For suspended mounting below the comimg. use
rond todd, nardaweare St optivaat VMB vertical mounting brackets, or
UHB-2AN adiusteiie mounting hrackets CAUTION - these heaters
should always he mounted ~o that the quarts tube or lamp i
aercenad i not, the heating element within the tube may sag and
cause premature buenout.  Any surtace of obrect shoald be at lease 24
menes amay dromgirect radiation trom the umt - For surtace mountioe
UL requires fintures o be 3 oanches trom cerhng, 24 aachies trome

vertieal surtace and separated by a minimum ot 36 inches

The opiionas CHB-2AN adiustable mounung bracket. see figure A7
U standard spacer bracket 1o pro-
vide tor sdiustment of the heater at any angle from struight down overn-

may be used in comunction wath the 3

cab o 35 enher wa

b 2w HORIZONTAL
P e — 4 . e
< X Adjusbte  MTOUNTING
FIGURE A" = l* or - OMNLY
. \ 00
AT e CHB-2AX
] 3%, 1

The optionai VMB vertical mounting bracker. (see figure "B may he
used i oomunction with the opuonal CHB-2AX or the 37 «andard

spacer of bracket

FIGLURE ""B” VMB-34

For chuain suspension, use 4 gauye rack chain i the manaer shown n
figure CT cham supphied by othersy
FIGURE "C™ FIGURE "D

"'’ Knockout

For stem suspension, standard tubing stems used on light fixtures, or
sobid steel rods 14477 dia. min.) may be used by driiling holes into top

wirtng channel 47 from each end (see figure ©'D™)
® TOP CHANNEL ASSEMBLY

Fasten 3" spuacer brackets to channel with hardware provided.

l Hook comfort heater body into mounted wiring channel cover.

Unit will hang freely by the *'T"" Tabs, leaving both hands free 1o
wire umit. (see figure “"E™).

19

Close wiring channel using the two snap fastners provided - (see
figure “"F'").

FIGURE £

ANEEEAN

FIGURE b7

T a"" Knockout

@ WIRING

The Mul T-Mount Fivtures are equipped wath 3 f-temperature - L0
lead wires O gecomimedate cither single stave o7 Baosstaze conts

heating elements

Single-Stage Wiring
For vngle-sage operation connect bath wires trom one ~de o L
both wires tram the cther side to L2 ec livure G
FIGURE G
1 Lamp 2

k} LANMP 2 4

Twao-Stage Wiring
For two-stage operation cannedt only one wire from one side 1o L and
the cther wire from (gt same ~side to L3 with the corresponding wires to
L2 & L4 isee Ggure "H™Y Supply wires must be rated tor at least w0
C  Winng conpections should always be muade througn the certer

knockout on the top of the wiring channel

FIGURE “H™

LI aod LAMP 0w 2

¢3 LAMP 2 L4

Two-Lamps in Series
To wire Fixture for senies operation connect the wires from one side
together and connect inconung hine 1o the 2 lead wires from the other
side (see figure U7 Due to the inconsistency i resistance, Fostona
does NOT recommend using metal rods o quantz tubes 1n series tpe
wirtng. (Apphes to Quartz Lamps only).

FIGURE *I"

LAMP |

e LaMpP 2

° In Your Area Calil:

INBUSTRIES, INC.
608 € Fostora, ORo 830 419438 020
GENERAL PRODUCTS DIVISION




o INSERTION OF HEATING ELEMENTS Typical Wiring Diagram for Controlling
To insert quartz lamps or tubes: FOSTORIA Mul-T-Mount Fixtures
(2-Stage Wiring Shown)
! Remove 2 sheet metal screws (one each end) that hold fixture rost
end caps in place. (see figure "'1" } %v-i{i%:.’v‘nm f\;«:,:;jcﬁ'u.;z
2. Position heating elements in 'L’ slots at ends of reflector.
-------- “ STAGE A T EATER .
3. Carefuly wrap heating element pigtail clockwise around ;-JPNASE cuseo ) 0¥ o gc- CH LLN¢~E\~E,-N‘~_~'.,;
termunal screws. (see figure *J"') — NOTE. cut excess pigtail '3';3333";2%3; A So-td |2 AAAAAAr T
off at terminal to prevent lead from touching metal parts. . ! STAGE _omAZl
,BYCUSTOMER 1 | F 2 fofl)
4. Tighten Terminal Screws. (see figure **J") — CAUTION: Do not L K EEZ J-bor S S
draw pigtall so tight that pressure ls put on heating element. Main- — u“—‘; Moz ISOSAAA
tain a partial loop (or looseness) in the pigtail. e Pt At ~—
5. Install tinnerman clip in slot on lamp positioner to keep N I
) . . woxpry e “ga‘ga 4
heating element in key slot {see figure "K' ) ’E:‘pgh':gisg%:?gc&:h;“ ‘c e, 2
6. Replace end caps using sheet metal screws removed in Step 1. e R oe sea "‘—‘“’”"’"——"
FIGURE"I" €nd Cap FIGURE )" FIGURE"K"

%" Knockout

1" slack on

pigtail & C:?)"
{ 7 Wrap Pigtail
Clockwise
Around
Screw

Tinnerman
Clip

Mounting L o Chgt Keekonts SPECIFICATIONS
= .

B Housing is of 24 GA. corrosion resistant steel. dark

brown plastic paint finish, Reflectors are .040 gold anod-
ized aluminum. (Gold porcelain enamel reflectors are
available for use in corrosive atmosphere.) UL listed for
unprotected outdoor applications.

HEATING Max. | Max. | wt

MODEL NO. L AT - ELEMENTS | Watts |Voitage [Each
222.30-TH 208
222A-30-TH 24 | 23v; 15 3200 1o 19
z 222A-31-TH Quartz 277
B8 (342.30-TH Tubes 208
& = {342A-30-TH 33 | 32w 15 5000 to 23
< (342A-31.TH 480
Z ®© 462.30.TH 208
462A-30-TH 46 | 452 15 7300 to 27
462A-31-TH Metal s77
Sheath 208
T YT , |22260-TH 24 | 23% | 15 3200 | to | 19
3@
; 3 = [3a260-TH
.I \ 5‘5 342A60.TH 3 | 32% 15 5000 |208-480 23
ot ol © |462-60-TH 208
0 462A60-TH 46 | 45% 15 Clear 7300 to 27
Quartz 577
Lamps 208
3 Symmew . |222.90-TH 24 | 23v: 15 3200 to 19
w& 277
A 23 [34200TH | 33 [32% | 15 5000 |208-480 | 23
w8 4 L
' o 208
462-90-TH % | 5% 15 7300 to 27
90 577

“A” in model number designates an asymmetric pattern. The number at the end of the mode! designation
denotes the main energy beam spread. No. 31 designates 30° asymmetric from 15° — 45°,

R IE R B N BN ) W Oy ED 4w By A B D s mm B e
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o
&
£
a
[X]
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Electric 70 - 554 - 85

s t 0 r : a@) Inffafed CATALOG
SUN-MITE

NAED EDP 78-3045

HEATING ELEMENTS
CLEAR QUARTZ LAMPS (Mount Horizontal)

s %" diameter clear quartz envelope * Available wattages: 500 - 3800:
e Coiied tungsten filament; sealed porcelain end availabie voltages: 120 - 575
caps. inert gas filled * 6 -8 lumens per watt light output
e Color temperature emitted: approximately 4100 °F e Life expectancy: 5000 hours with 4-year prorated
— high bnightness warranty
* Approximately 96% radiant efticiency APPLICATIONS: All snowfice control: all outdoor and
e [nstant heat-up/cool-down most indoor applications. high bay apphications; indocr
e Moisture resistance: highest areas highly exposed to cold air infiltration.
e Mechanical ruggedness; average MOUNTING HEIGHTS: 12 and above for indoor.
8 to 10" for outdoor.
Element Overall Heated | Tube Use ONLY with Element Overall Heated | Tube Use ONLY with
Number {wm‘ Volts Length Length Dia. |Heating Fixture Modei: [ | Number Watts | Volts Length Length Dia. (Heating Fixture Model:
GF-0S124 | 500 | 120 | 811167 | S | 38" CH-100 GF2548H | 2500 | 480 |28 13167 | 257 | 3@+ | CM3N0 Senes o
H-40
GF-1620H | 1600 | 208 {19 117167 | 16" | /8" |  CH-200 Seres. GF-3857H | 3000 | 480 |41 11167 | 387 | 38+ | Mio3 sones o
GF 1624H | 1600 | 240 {19 116" | 16" | 38" 222 Senes, GF-36484 | 3650 | 480 {41 11716 | 38° | 387 | 462 Series
or
GF-1627H | 1600 | 277 {19 11/16" 167 3/8" §1.222 Series 1
QUARTZ TUBES (Mount Horizontal)
e %7 %" and 'y" diameter quartz envelope * Mechanical ruggedness: good
» Nickel-chrome alloy coiled element with porcelain ¢ Available wattages: 450 - 3200;
end caps and pigtail termination available voltages: 120 - 575
« Color temperature emitted: approximately 1800°F . ngfr::tpec.ancy: 5000 hours with 4-year prorated
— bright orange glow w Y
+ Approximately 60% radiant efficiency APPLICATIONS: Indoor spot heating and total building
heat; preferred when controlling application with per-
* Fast heat-up/cool-down centage input timer.
* Moistyre resistance: high MOUNTING HEIGHTS: 12’ and under.
Element Overail Heated | Tube Use ONLY with Element Qveral Heated | Tude Use ONLY with
Number Watts | Volts Length Length | Dia. lueaﬁng Fixture Model: || Number Watts | Volts Length Length | Dia. |Heating Fixture Model:
G71.3454 | 450 | 120 | 12 5/16°]10" 5/87 FFH-912A G71-3524 | 1600 | 480 | 40 5/16"| 36 7/16~7| 5/87
G71.3492 | 550 | 120 (19 1/27 (16" 38" FFH-512 G71.3466 | 2000 | 208 | 40 5/16~| 36 7/16°) 5/8"
TH-200, 222 of
G71-3508 [ 1100 | 120 | 18 5/16" |14 7/16"| 5/8" 5;;23535';33 G71-3488 | 2000 | 240 | 40 5/16"| 36 716" 5/8” CH-40C Senes
G71-3459 | 1200 | 208 | 27 516" {23 7/16" ] 5/8" G71-3467 | 2000 | 277 | 40 5/16°| 36 7/16°| 5/8~ o 2
G71.3461 | 1200 | 240 | 27 5/16" |23 7/16°| 5/8~ CH-300 Series G71-3509 | 2400 | 240 | 40 5/16°| 36 7/16"; 5/8"
G71.3462 | 1200 § 277 | 27 5/167| 23 7/16" | 5/8" or G71.3575 | 2400 | 277 | 40 /167 36 7/16"| 58" 462 Series
G71.3499 | 1600 | 240 | 27 5/16"]237/16"| 58" 342 Series G71-3707 | 3200 | 240 | 40 5/t16°]| 36 7/16"} 7/8°
G71-3706 | 2200 | 240 | 27 516" (23 7/16"| 7/8"
G71.3460 | 1200 | 208 | 40 5/16") 36 7/16"] 5/8" G71.3784 | 1500 ] 120 | 38 7/16°| 34 3/16°| 5/8" CH-46
) G71.3522 { 1200 { 240 { 40 5/16°{ 36 7/16"{ 5/8~ CH-4Q0 Series G71-3785 | 2000 | 240 | 38 7/16°} 34 /16”7 /8"
— G71.3463 | 1200 | 277 | 40 5/16"| 36 7/16"| 5/8" o G71-3786 | 3000 | 240 | 49 7/16”"{ 45 J/16°| 587
G71.3465 ) 1200 | 480 | 40 5/16"} 36 7/167) 5/8" 462 Series G71-5038 | 3000 | 480 | 49 7/16°] 45 3/16"| 58" CH.57
G71.3489 | 1600 | 240 | 40 5167 36 7/16“| 58"

TOTAL BUILDING HEAT WITH FOSTORIA COMFORT HEAT 3 P
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CATALOG
SHEET

NAED EDP 78-3045

PARTS/ACCESSORIES

RUBY RED VYCOR SLEEVES

Model Outside Length ! Use with QUARTZ
Number Diameter 9 : LAMP Number:
i
Recommended when visible glare 31-942 5/8" 6" I GF-0512H
from gquartz lamps is objection- S50
able Ruby red sleeves will elim- . e ] -1620H
inate approximately 96° of visibie 31-939 5/8 16% | gg}gggu
light output while onty reducing *
heat output by approximately 4%. 31-940 5/8” 23" GF.2548H
GF-3648H
. " v "
31-941 5/8 38% GF-3857H
WIRE GUARDS
Optional use for protection. Standard on heavy duty portable heat
caddies for operational safety. All models constructed of heavy gauge
chrome plated steel wire. . ) | 'j 1__ .
A bR A ) bt : A A 4 i 4 — ———
N A A A \ X \ ‘\ X \ ‘ ‘
\; < AN AN ANIEAN \\ \\ XY \\ \\ \\ &\ \\ \‘ W R | 3 ;X:\
. e S AN ~
GENERAL DISTRIBUTION SERIES
Model Use with Fixture Mesh Model Use with Fixture Mesh
Number Model Number Size Number Model Number Size
CHWG-100 CH-100 1%" x 1%e"] CHWG-46 CH-46 6" x 1h"
CHWG-200 | CH-200 Series 1%*x2%" | CHWG-57 CH-57 6"x 14"
i wn ” . 18 KW or 20 KW Metal " ”
CHWG-300 CH-300 Series 1%"x2 CHWG-2HD Sheath Fixtures 3"x3
CHWG-400 | CH-400 Series 14" % 2%" | CHWG-4HD | 4.5 KW Metal Sheath Fixtures 3"x3"
222 Series v . . - .
CHWG-222 51.222 Series 2" x2 CHWG-6HD | 6.0 Metal Sheath Fixtures 3"x3
CHWG-342 342 Series 2"°%x2” CHWG-13HD| 13.5 KW Metal Sheath Fixtures | 3"x 3"
CHWG-462 462 Series 2"x2"

TOTAL BUILDING HEAT WITH FOSTORIA COMFORT HEAT
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SNOW /ICE CONTROL

Loacated gt it LaesnToore Teoon o ther haart Aconted un 3 -
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20 |
b
J .
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L T T L
50
30 30 Uynderview Main Entrance Canopy
18
\ Infrared heat gives wanmth and comiort 1ar pegpe cntenng
or exiting the building or waiting under the ~anamy The
e heat pattern also extends beyond the front of the anopy o
20 : keep exposed pick-up area frea of 1Ce'sSNOW ANd Mosiuea
This helps avord an accumulation of sfush whah wouly
Ena View normatly be tracked into the building




Tne ys-Zcwn -are leading tc an underground parking garage ‘or The last proto Cisglay S ine ot

e loogomimium oresented a cntical snowrice control problem of the ramp going uNis 3
Jus *o o the cegree Cf wrcine. Specially designed T-bar frames semrexpssed SAcwa e o T
aere bt 1o hcouse 2 each 222-A30-TH Mul-T-Mount heaters utilizes 28 of Moae! 222-A0C-TH Teamtes
=ou Coed atn slear quart: lamps. These are mounted at a 12 at the center ot tme ryr 0t 5
nsght framotme ramp surtace The asvmmetric 30° fixtures were tance rrom the surface Lo s
mCLntes N tyC TCwsS Lack 1c back to provide a combined heat CHBRAX tne units anetie ! 0]
Datiern &f BC yel utihizing the high efficiency 30° reflector the ramos
r ‘ i
; Ry RSl I o MAANALANS | AAANALY | e
SAAAS SEAALAAA, NMAAAAAAY SAAAAS A CAANANAAS " A AL
R P ' AL AAAAA AAAAAAA AAAAAA RAAAAA ) e e e
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Underside View of T-BAR
1 0of 3 T-BAR Frames 18 Apart

15° Tl *
T )
L . h
[ oo {:/ :
| .
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ST et
N
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| .
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End View — Ramp Going Underground
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CASE HISTORY
NO. 74

e = Solving
ONEY | i  Corrosion
Problems
while
Heating

Effectivel

Entrance to the campus of the National Health and Safety Academy where Fostoria
Industries. Inc. solved a corrosion and heating problem.

The Mational Mine, Health, and Safety Academy of the To solve the heating and corrosion problem. Fosto
U.S. Department of Labor 1s located near Beckley. “West fabricated Mul-T-Mount infrared heatars, using numper
Virginia. it was established to provide an academic back- grainiine stainless steel. The heaters (262-A60-TH. asymme
~round in mine safety for those who are appointed to inspect cal. 4 teet long) were compietely mace of stainless steel
mines. rander technical assistance, and train the nation’s cluding the outer housing. all brackets. and internal hardwal
mirers The infrared reflector surface 1s mace of Fostona's standg

The soacious indoor swimming faciity. built for staff and gold anodized aluminum. Clear quariz lamps with poiceld
SIUCENT USe. was exPerencing serious corrosion problems. ends were used. giving a 7300 watt output per heater T,

The =eiling and three walls consist of a combination of quartz lamps use ruby-red siceves to cut down the lig
'ass and milky fiberglass with a very low R factor of ap- output and also add a warm red glow to the environme

roamatsl, two Therefore. the surrounding surfaces are The heaters are mounted 15 teet high and approximaté
three feet over the water from the ecdge of the pool. T

sSualy very cold. Coupled with high humidity conditions
=~ the inside. the surrounding surfaces frequently are enables the asymmetric pattern to extend to the ou

~oider than the dew pomnt. This causes severe condensation fcontinued on reverse sid

from the cetiing and walls.
At ee”

High zondensation, coupled
g\

s~ith high chiorine content.
sorrosive which 1s damaging @»-‘3;
/." ’ w

causes the atmosphere to be
LomMmnst equipment

~
-4

Secause the previous heat-
5 equioment faited, the mine
azacemy approached Fostoria
Industries. Inc. to solve therr
corrosion problems and at the
same time effectively heat
their indoor facihity.

Swimming pool for staff, and
students who are attending the
Academy. Note heater [ocations.

@
3 stor1i
i INDUSTRIES, |

| Bork # 5t ria Ot 33830 119/43% 9201
‘ —

GEMNERAL PRODUCTS DIVISION J‘




Heating
Equipment
Installed:

18 HEATERS
MODEL
162-A60-TH

36 QUARTZ
LAMPS. GF 62+

Total load:
131.4 KW

perimeter of the walkway to a point five feet over the water 73m the
pool’'s edge.

This provides ptenty of comfort to people as they are g iting out -
of the water or walking around the poaol.

Adjustable brackets (CHB-2AX). also made of stainless stee!

S — — connect the heaters directly to the horizontal I-beams. One rov; cf

eight heaters line up on each side of the pool.
Each row is controlled independentiy from the other sith its cwn

= e /o twe-stage thermostat. This allows for maximum unitormity of the

radiant energy when the system s only required to be at a 50 per-
cent level.

- -

Mt

For instance, when the thermostats are set to maintain a temper-
ature level between 67 and 70 degrees, the staging cevice s oro-
- grammed hike this:

. At 70 degrees, both quartz elements turn off. As the temperature
drops to about 69 degrees, one element is energized If the tempera-

— ture continues to drop until it reaches 67 degrees. then both elements

are energized. This brings the temperature back up 1o 70 degrees.

This type of control eliminates the all-ON, all-OFF condition ang
substantially increases the overall comtort level of the facility. In

The low R factor is evident from this view of the rool addition. the individual thermostat for each side adjusts to accom-

nergized electric infrared heater is attached with

'diushblg mounting brackets. FOSTORIA INDUSTRIES, INC. — FOSTORIA. OHIO 14830

aterial and side walls.

modate the side which s normally colder than the other. This requrres
those heaters to be energized more often than the opposite side.

To save energy, a single night-time setback allows all heaters to
automatically revert to a third thermostat which 1s set substantially
below the daytime thermostats. This system automatically turns
back the heat demand during those hours when the poo! is not open
to the students.

The thermostats are also housed in a stainless steet enclosure and
operate from a capillary tube that extends beyond the enciosure

IN YOUR AREA CUNTACT:

—




SERIES CV

High watt Density panel heaters
manufactured to customer specifications.

PROTHERM ™ Series CV heaters are highly
efficient long to medium wavelength infrared
pane! heaters for use in higher temperature
industrial process heating applications. The
Series CV heaters offer quality emmission
of infrared energy through the Vycor*
Quart~ face. Eiements are heid in a special
high temperature refractory board.
PROTHERM'™ Series CV heaters are ideally
suited to applications requiring product
temperatures to 900° F or faster heat up
rates for lower temperature products.

Process Thermal Dynamics (nc.
1200 N. Concord St.

So. St. Paul, MN 55075

(612) 450-4702

B Seres CV Reslars of T s et e
the hignest qualt, © 7 oo == ts ane

10 exacting stancarcs

® Ruggea and relanis

® Unigue Vycor® Quanrz “ice o= e
unform full area neal "2 L7oao

® PROTHERM = Series CV »=aters -
designed to meet the 2xac! r=¢..remans
of the application

® Long operating hfe

® Can withstand water shock at ‘vt cuiput
and absorb minor physical mpact

® High watt density - t0 45 s 16280 watls
per s.f.).

& Maximum face temperature of ‘6CG- F at
45 ws.1.

8 Can be suppled with Type <
thermocouple mstailed

® Heats to processing temperaiures n
approx. 4 minutes.

® Available in all standard voliages w.thin
design limitations.

® An operating hite in excess ¢f B00C ncurs
IS expected when operatec 3t 80° . ¢
rated output.

® Complete prewired controls Kous.mgs of
engineered systems can be sugghet by
PROTHERM ™.

PROTHERM'™ Series CV Features

Standard Design Features:

& Aluminized steel case consiruclcn

® 142-20 weld nuts or *«-20v1" stuac for
mounting :

® Maximum width 1s 18 inches

® Maximum length is 60 inches

® Thickness from 3 to 6 inches

® Elements run in direction of heater length

® Electrical feads 12 inches icng threugh
conduit ntpple

® 230 V, single phase

oy

Fast Delivery

Optional Features (at extra cost)

= Stainless steel case construction

s Elements across width, and zoning

& Thermocouples

a Electrical junction boxes

a Long electrical leads

a Flexible metallic condunt

= Conduit fittings

s Voltages over 230 V, and three phase
design

Warranty: PROTHERM™ Senes CV heaters
are warranted to be free from defects of
workmanship and materials for 1 year or
2000 hours from date received by customer.
Evidence of field modification or reparr
voids warranty. The fiability of Process
Thermal Dynamics, Inc., is limited to
replacement of faulty materials or
workmanship at no charge, FOB So. St
"Paul, MN.

BULLETIN NO 202-10/86
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. THERMA-TECH |
U CYUUUG T

(Fioo 50 FANEL FEL ESS
INFio~ mu -aNEL RESS ER

FOR EFFICIENT HEATING OF LtARGE AREAS
THREE TYPES CF HEATERS ARE AVAILAELE

' TYPE V - High intensity- with clear Vycor glass face plate
; S TYPE B - Medium intensity- with black ceramic glass face plate
{ N - R

: =, TYPE PYREX 12 - Low intensity- with Pyrex glass face plate

= All heaters are in aluminized steel case 3" deep
» Maximum width 24" maximum length 96"

s Avialable in all voltages

TYPE V. H gh -ntansity « Standard or custom sizes

Wh 10 S0 wotts, ot

<5 1800° F

4 Manytes hedt uo tume

26 -6 0 mcrons wave iength

Standard Sizes:

24" x 24" | 10" x24" | 6'x24" | 127x 127 !
16" x 24" | 67x30" | 6'x18" J'

Therma-Tech panel heaters are clean and efficient.
They offer an economical solution to virtuaily any
processing problem requiring heat.

TYPE B  Medium intensity
up 1 20 watts/ind

tn 1200° F

4 minutes heat yp tiMme

) 2560 mcrons wave length = Easy to install

* Durable

« Easy to maintain

« Longlife - in excess of 10,000 hours
« No scaling or warping

s« Withstand the shock of water splash

» Gentle heating - will heat your product uniformly

TYPE PYREX 12 - Low intensity

::ég()l?;vaus/m’ » Can be supplied and fitted with thermocouple controls.

5 minutes heat up tme
45 . 6.0 microns wave fength

PH 2-86
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CREnW L ECH BRO-L ANGE OF U AR GEA L L

. P T T T T
MAaX ! WAVE
HEATER | % 17e i MAX | HEATUP ! Sl
TYPE 1 oo N | TEMP ‘ TIME | \icRONS
. ! CH- QOINFRAREDPANEL‘CORNING
t i PATENT) n3s 0 o B TGttt
E SErpENUINe BlemLety o e
i i Cornirg },'; o
. cHao0 40 1 1400 dmin | 2.6-60 fj— —=>w 0 1400° F
; e M avarlable o
i 14" 10 120 :
: regter - for it e
: ; ! space allows o, L
' i heaters-for fast meatio
[
‘! TYPE V - INFRARED PANEL w.in == o
| ,[ /) ting through Corning Vycor facepiate C eyt
| ![ ey 1500° F \ane in sizes “rom 37« &
[ Tyeev 40 1500 4min | 26-6.00 CoL 0, ! and 127 x 84" with 3' dewd goumin.g
{ ; /’//v// y P ///// i custom sizws gvarlable Efficiong high - A
! : e Y U for high spead hines whers space ations oo

number of heaters-for fast peat.og

TYPE B - INFRARED PANEL
ments radiating througn blacx 3ass
plate. Operates up to 1200°F “laa g g
from 4" x 6" to 20 x 24" arg 127 . 54

TYPE B 20 1200 4qun | 35-6.00 //% //// ,«,/'/{ with 3" deep alumuinmizad stee. Cove:, D.57.™
/,// ' %’/’ ////// sizes available. Efficient mea am tense,
/ / heater - good where iine spewd s mec um 0
high and onily heat penetration =0, 7 f30e 3§
needed. Process may only reguocs 3 Yo
seconds.

TYPE PYREX 12 - INFRARED PANEL Repiaces

Corning Pyrex infrared heaters. Aw.hbu Nseven
TYPE Y sizes up 1o 24" x 247 with 37 deep gluminized stee.
PYREX 12 10 660 S min 4.5-6.00 //;/ // case. Long wave length, low intensity hegter - vest tor
// // heating sensitive materials w.th poor thermal conduc-

tivity. Heating time 1 to 2 minutes.
THERMAKING oucmtus apto 2000°
F. Has stampeo serpent,ne oiements

g cTAppregreaes Bian
eIl B - pinned to a 2400°F nstulating board,
THERMA ORI SO PR [Ty in stainle el e The hottest efec
60 2000 25 2000°F . stainless stees cas ttest efe

KING sec. B R A T e A A A tric infrared panel avaiiabic in the pro-

AT I AR | cess industry - hugniv »tticent Very
R R nigh intensity heate for high speed

T ]| ) [ anS o for Pesting larger mass ot

Select the operating characteristics best suited for your process: heaters also de-
signed to your specifications for O.E.M. applications. Specify size, type, wattage and
voltage desired.

* Thermocouples are recommended in the heater for close control of your process and to maximize life
of the heater.

* Cooldown time - generally cooling occurs about half as fast as warm up time.

THERMA-TECH CORPORATION ® 300 Dakota Street ® P.O.Box 218 ® S.Paterson,NJ0O7503 ® 201/345-0076
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save up to 20% on electric heating bills!
Available with butt socket or pig tail lamp

connections for indoor or outdoor application.

Aowen oaniz Lamp infrared Heaters are now avadllabile in
AlWeatner T models fornooor O outdnnr ngtRila-
Cns Ty s s o iamo connectors are aleo avadatie “butt
wrent apashpull spnng loaded saver tipgad contact ‘or £asy
g tad o A more posilive connechon on
Drocess heating and other ruggRd appihcahons where pnysical

e s g proplem

Ll

AN FARH AN CIA AT R R N A Firh 14

Single lamp

umt for narrow
aistes or corngors
when imited watt
density required.

Y"A v

Uy

\;L/ U.L. Listed
Heater

Al medses can pe posihioned and mounted as easily as flucres.-
s Rugeed ronstruchionss T ran-hite toringoor-outgoor
s allanen
FProtective yire anarg avallable as an oplion
and Aitven Quartz Lamp Infrared Heaters use up 10 2025 less

« Mosthan conveniinngl efectnc heat

- -

(60°)--*
ASYM

“\\(900)/’ . (600)_ *.

Optional Aluminum Frame !
For Recessed Applications*®

< et U L Listedy

.Waiting areas and entrances




not subject (o impact or rough use

v %

(
! =
T -? 3]

Drafty nangar High catling metz nonting

Hard-to-heat car cealer Convenience and serige *or £ar ~as-

For Qutdoor
Heating Where
Wind Chill Is
A Factor

Parking garage enirance

Quartz Lamp Infrared Heaters are now used for . . .

Bank entryways Factores Indoor tennis courts  Lumber mulis Guard houses Stock rooms
Basketball courts Farms Kennels Machine shops Service stations Store fronts
Bus shelters Foundries Launcrnes Milking pariors Skating nnks Tol! booths

- Canopies Garages Loading docks Parking lots Ski lodges Utiity rooms
Car washes Grandstands Lobbies Patios Snow melting Warehouses
Drive-ins Gymnasiums Locker rooms Restaurant fronts Stadiums Water compressors




Minimum mounting height 10 feet > ;‘Ote: =

h — . ) hreaded casting DIVan aan xs

Where ceilings are under 10 feet...or other ¥ ), &5  foreasy mounting el % L ==

reasons seem to dictate less than a 10-foot R (90°))/1\(60°)/<.\(60°)/
> _ . AN N Y™

mounting height, consult a qualified N AN . AS

infrared authority for advice. Do not install f’ B

closer than 24 inches to a vertical surface. .

Can be stem mounted to any supporting
surface. For supply connections use wire

suitable for at least 75°C (167°F). RECESSING FRAMES (PAINTED ALUMINUM)
PA 9700
//
“hrimum
5
+ Y Instatianon €0 ceomers
Cutout e 129" " tor P NOTE: US NLY N SIREPICCE TO
Double Lamp 350 NS A R S oo STRUCTION USE DNLY WHESE _2CaL
Fixture Mount recessing frame n cering. (6) hofes (6"} dia. FN%D%% OHREK%'SEZE% 'TO::SA::;?‘: .‘:": 3 fkls
lL 10574" > l A are proviged in trame UL LISTING MINIMUNM CAViTY DE27= ..
Holes mus! be drilled in heater housing. 12"
[ Model | Dimensions (Ht. L. W.) [ Reflector | No. Lamps | Watts | Volts |  Amps [ Ship. wt.
Single Lamp Fixtures
Butt Socket Pigtail
QH 169 QHL 169 354 x 25%2 x 5% 90° 1 1600 208V, 240V.| (See Lamps) 5 5'Ds
277V }
NA QHL 259 3% x 342 x 5% 90° 1 2500 480 I3 ;| Bis
Double Lamp Fixtures
Butt Socket Pigtail
QH 109 QHL 109 3%g x 14%2 x 10%3 90° 2 1000 120V 83 . 8ibs
QH 106 QHL 106 354 x 142 x 10548 60° 2 1000 120V 83 I
QH 106A QHL 106A 35% x 14'2 x 10% 60°A. 2 1000 120V 83 L 8ibs ;
QH 329" QHL 329" 3% x 25V2 x 10% 90° 2 3200 Specity*: 154 2 208V | 121bs '
| QH 326" QHL 326°° 3% x 25Y2 x 10% 60° 2 3200 208V. 277V { 1344240V | 12t0s
{ QH 326A°" QML 326A°" 3% x 252 x 10% 60°A. 2 3200 or 240V 118 w277V | 121ps i
L NA QHL 509 3% x 342 x 10% 90° 2 5000 | 480 104 15bs |
I NA QHL 506 3% x 34%2 x 10%s 60° 2 5000 | 480 104 | 15ibs !
| NA QHL 506A 35 x 342 x 10% 60°A 2 5000 480 10 4 | 151bs |
T Twe 3200 watt unis avalable in enther 208V 240V or 277V Specity on orger “*Canbe senes wired #1th 240 V lamps o operaie on 480 Vv
|_Accessories ] [ Quartz Lamps | watts | voits | Amps |
Recessing Frames Description Butt Socket Pigtail
[Pa9750 For 3200 wart units P70010 PB000S 500 120 417
| _PA9700-) For 5000 watt units P70013 P80208 1600 208 769
Red Vycor Sleeves Mask out illumination from lamps P70014 PB0240 1600 240 567
For butt socket or pigtall lamps. P7001S PBO277 1600 277 578
[P 0089 - 547 x 7" Fits 500 watl P70016 P80480 2500 480 521
[ P70070 " v x 18" Fils 1600 watt
| P 70080 - sS4’ « 277 Fits 2500 watt
TFoe 4 .3 tor onglant lamps add (- 1) alter these pant numbers
Wire Guards
P £4530 Fits 3200 ~att Joubie tamp und
P 545801 Fits 5000 watt doubte lamp unit
P 5454 Frs 1600 ~an singie 1amp unit
P 348311 Fi1s 2500 singta samp unil
P2453C- Fus t - | ~ :
L 232 SEEE00 A4St LDl iame uni } SAngar —oaZrd b tre Infrared radiant Realers st o b D Sporata s Lnira
AT . e, LR = 12 T e T - .
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Scientifically Controlled
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INDUSTRIAL PROCESSING
OVENS and APPARATUS

THERMAL DEVICES DIVISION, through many A trained staff of engineers and technicians
years of extensive research and processing including specialists in controls, research,
experience with heating problems offers today, technical coatings, and equipment design

to industry throughout the U.S. and Canada, a provide ‘‘custom’ service upon your request.

complete service in consultation, research and
development, engineering and fabrication.

THERMAL DEVICES DIVISION .cr» . ramonco.ine

16025 23 Mile Rd., Mt Clemens, Mi » 48044-9747 » (313) 263-8850 * Telex: 211894 DOSS UR
0-U-N-S 10-687-1536« GOV.'T CAGE CODE I1.D. No : IHJ00




THERMAL
DEVICES DIV.

GUSTOM INFRARED
DVEN SYSTEMS

Thermal Devices designs and engineers infrared systems for
many varied uses over a large cross section of industry. Most
of our applications are highly controlled processes wherein
product temperatures are carefully controlled, usually with

Applications that are most commonly requested of us are:

® Curing, drying, softening, preheating & laminating of
coatings and adhesives on paper, textiles, and plastics.

e Curing, drying, prehea’:ig coatings, water on metals.

® Systems for catalysed repairs to high quality enamel
paint finishes.

® Preheating of dies and electronic parts

® Curing of electronic potting materials.

THAZR AL DEVICES PARTIAL CUSTOMER LIST

remote optical systems and P | D controllers with automatic
voltage control to guarantee correct product temperature with
no overshoot. Many systems are provided with comp
control and interfacing with associated operations.

® High velocity air heaters for drying electronic parts.

@ Drying, melting, dehydrating chemicals.

® Web drying, cunng, shrinking, and finishing textiles.

® Drying of films.

® Curing & drying finishes on wood parts & furniture.

® Drying inks, varnishes, poster paints, bindings and silk
screen application.

® Many other interesting applications for all :ndustries.

e Chrysler » Ford Motor * DuPont ¢ General Motors * Sherwin Williams ¢ Joanna Western Mills ¢ Motorola * Hewlett
Packard * Dow Chemical ¢ Federal Mogul ® Northrop « IBM » G.E. « RCA * Warner Swasey * Barber Coleman ¢ Naval
Weapons Support Center ¢ Hitachi Corp * Inmont Corp ¢ Kelsey Hayes ¢ U.S. Air Force

IMOZAL 2007 AaNs:

® Remote sensing infrared heating control systems

® Heater fixture assembly

® INFRA-ARM* Infrared spot heater and specifications
® Hi-density infrared quartz heater

THERMAL DEV'CES DIV'SION John J. Fannon Ca., Inc.

15025 23 Mite Rd.. Mt Clemens, Ml « 48043-9747 » (313) 263-8850 » Telex 211894 DOSS UR Patents apphed for
D1J-N-510-687-1536 GOV 'T CAGE CODE I D No. 1HJOO

® Modulus” infrared radiant

@ Goldenrod® infrared directional quartz heating
elements and fixtures

@ Custom gas and electric ovens

1984

]




THERMAL DEVICES GOLDENROD ® ELEMENTS

SV 23.5% eNERGY

w7 1 o » O ey \ b b . F
Thermal Devices new controlled GOLDENROD * directional infrared heating

elements are 23.5° mare energy efficient due to the inter-radiation between the

resistance wire and the goid exterior. This causes the resistance wire to cise in
temperature and atlows for the reduction (n wattage design

As an example— It you are now using elements rated at 1500 watts and switch to
GOLDENROD ®, you can reduce the 1500 watts of each element to 1150 watts and
get the same radiant value. This woutd save you 350 watts per hour, per efement

It you have an infrared application that is not satisfactory. you can replace
your existing infrared elements with GOLDENROD * directional elements
and raise your temperature curve without increasing wattage

Reflectors are cooler with GOLDENRQOD ¢ directional elements.
The gold exterior in GOLDENROQOD @ reflects the radiant energy through
the controlled radiant window opening only. Virtually 100%
radiant energy produced is directed in a controlied pattern.

e e e

COOLER REFLECTORS

Reflectors and oven parts are coo'er aith GOLDENROD *

I b t' t directional elements 1n that the (.:OLOEM-OC auter rettector
S Ime o directs energy through the controtied radian! window <peming
to the work

replace your old CONTROLLED RADIATION
cost |y INFRARED  reiioiinces GOLDENAGD - vs et bocavse + somsnt

heat other parts.

elements with Fexeun

GOLDENROD * atlows you to design applications where they

energy effiCient can be used more eftectively especially where Zantrolled

patterns are necessary. GOLDENROD * can be nested
together, used in narrow or confined areas and be used

,/f;\‘ 7:/‘ ~\\ '"gf .d% hornzontally or vertically
ol "gg ]f\\ ) SPECIFICATIONS

GOLDENROQOD ® directional elements are avaifable in standard
element sizes to fit your existing refiectors such as 3/8", 12"
5/8" and up to 96" long. We can also design for special
applications and O.E.M. work We grve you control

up to 50 watts per inch or 7.4 kw per sq ft maximum,

when nested together.

COMPETITIVE PRICE/LONG LIFE

} THERMAL DEVICES DIVISION 0w sermonco.

16025 23 Mile Rd., Mt Clemens, Ml ® 48044-9747  (313) 263-8850 » Telex: 211894 DOSS UR  Patents apohed for < 1983
D-U-N-S 10-687-1536 « GOV.'T CAGE CODE ! D. No.: 1HJ00
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TYPETD (——————— SUPPLY EXACT HEATED LENGTH

e —ee———

| SUPPLY THIS EXACT DIMENSION

SI:r—T S — {Li

/‘/

TYPE TDEL l SUPPLY EXACT HEATED LENGTH

|

[ SUPPLY THIS EXACT DIMENSION

SUPPLY THIS EXACT DIMENSION I

...also wattage, voltage, part number and manufacturar.
NOW —PATTERN CONTROL TO MEET YOUR NEEDS

WIDE MEDIUM  NARROW VERTICAL

TYPE TD ) TYPs TOF
Stainfess steef for use with ‘ | Ceramic with wound wire
112 and 5/8 in. O.D. quartz. : J connectors To be used with
58 1n OD quart:

TYPE TDEL A — — \ TYPS TDS
Ceramic with stainless steel ' - . ; ﬁ Ceramic with wound wire
stud connectors. To be used connector To be used with

~ith 1/2 and 5/8 in. O D quartz 38 n OD quartz

GOLDENROD ° elements can be custom designed.
N O.E.M.'s invited.

16025 23 Mile Rd., Mt Clemens, Mi ¢ 48044-9747 » (313) 263-8850 » Telex: 211894 DOSS UR  .atents appheat ‘o IRER
D-U-N-510-687-1536 GOV.'T CAGE CODE 1.0. No. IHJOO
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Quartz Infrared Radiant Panel Heaters : . -
Style RB |

- -
I 7
| ,' h
; "F'l’:—"' Vi
RN k
i 4 EL I[I i

Cal tionn ol
- THERMOFORMING
+ PAINT DRYING
+ INK DRYING
- CURING OF PLASTIC COATINGS
< HEAT SETTING
« SOLVENT REMOVAL
- SiLK SCREEN PAINTING
FOOD WARMING
- LAMINATING

« PLASTIC FORMING

TTLLTREUCTICN CHARACTERISTICS

TEMPCO style RB quartz infrared radiant panel heater has a
woven quartz cloth surface which is transparent to radiant en-
ergy and is coated with black ceramic for high emissivity. Heli-
cally wound iron alloy based resistance coils are placed into a
qgrooved refractory board and are cemented in place. The resis-
tance coll and the grooves are carefully designed to provide
uniform heat distribution. The refractory board is backed by
iayers of insulation ta minimize heat loss. The housing is made
of heavy gauge aluminized steel. The backside of the housing
has a terminal box with ceramic terminal bushings and stain.
less steel terminals.

Style RB heaters are available with an optional quartz tube
thermowell and a thermocouple bracket for standard '/s" diam-
eter thermocouple. When ordering heaters with thermowells,
use prefix “T" before the catalog number. For various thermo-
couples and temperature controllers, see pages 225 throv -
246.

CESIGH FEATURES

TEMPCOQO style RB quartz infrared radiant panel heaters can
transmit up to 80% of the input energy. They can operate at
temperatures up to 1600°F (872°C) and watt densities up 10 25
watts per square inch, to emit radiant heat in the usable wave
iength range of 2.5 - 6.0 microns. The wave length of the emit-
ted radiant heat can be matched to the peak absorption wave
length of the material being heated with proper temperature
control. The heat-up time for style RB heaters at 25 watts per
square inch is 2 - 5 minutes. They can be positioned as close
as 2" from the material being heated.

Style RB heaters are available in convenient building biock
sizes and are equipped with mounting studs for easy installa-
tion. These can be mounted in any direction, and due to the
bonded construction, they are resistan! to shock and vibration.
The simple yet rigid construction enables it to be easily
adapted to many applications. These heaters do not require
any reflectors which must be periodically cleaned or replaced.

STANDARD SIZES AND RATINGS

SIZE (IN.)] KILOWATTS vouTS -

A | B |15WAN'25W/IN'240/480[2a00a80]" VASE| CATALOG NO.

2] 6] — | 18 . —|=] 1 RB1206
6|24 216 360 | ¢ |—|—]| 1 RB0624

12112] 216 | 360 | -] RB1212

12|26 a3 | = o |=l=1] 1 AB1224

1224 Z | 720 — |ele] 3 RB1224

123 | 6481080 — ||| 3 RB1236

12148 | 864 | 1440 — ||| 3 RB1248

12 |60 {1080 | 1800 | — {e{<| 3 RB1260

- - — HOW TO ORDER — -

Standard sizes and ratings of style RB heaters are listed in the table. When ordering, specify catalog number, kilowatts and volts. If

thermowell is required, add prefix 'T"" to the catalog number. ‘
Various other sizes are available upon request. Wattage ratings up to 25 watts per square inch and voltage ratings up to 600 voits
are also available. Consuit TEMPCO with your requirements. '

209
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Radiant Quartz Heaters
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COMPACTAND VERSATILE

QUICK HEAT AND COOL RESPONSE
FUNCTIONAL DESIGN

CLEAN HEAT ENERGY

LOWER POWER CONSUMPTION

HIGH OPERATING TEMPERATURES
MADE TO CUSTOMER SPECIFICATIONS

I

TEMPCO RADIANT QUARTZ heaters are specially de-
signed for applications that require infrared radiant heat-
ing. QUARTZ neater basic design consists of a helically
wound resistance coil housed by a pure vitreous silica
fused quartz tube. The heating coil is specially designed
to provide long life at rated voltage. The quartz tubing is
terminated with specially designed ceramic insulating
caps that allow the quartz tubing to breathe. The ceramic
caps are securely fastened to the quartz tube with high
temperature cement, providing excellent support to the
power connecting termination.

TEMPCO RADIANT QUARTZ heaters are one of the most
efficient sources of radiant energy. QUARTZ heaters can
deliver near and far infrared wave lengths which are more
effective than a single wave length, capable of generating
full heat output capacity in 40 to 50 seconds and cool
down in fess than 15 seconds. They offer excellent life
characteristics whether operated continuously or intermit-
tently. For most efficient heating and longer operating life,
quartz heating apptications should be rated around 35 to
40 watts per square inch. Quartz heating elements do not
give off an objectionable glare because of a very low
emissinn in the visible spectrum. Optimum design pro-
vides a clear red color on the translucent quartz tube

I with Type T1 termination.

! For sizes, electrical ratings and terminations not listed, TEMPCO will manufacture a QUARTZ heater to your specifications—

; consult us with your requirements.

-~ == = HOW TO ORDER ————-——— - = - = = -

' Select a QUARTZ heater from page 211 which includes a wide range of diameters, lengths and electrical ratings. State quantity, part
number, diameter, iength, wattage and voltage, and termination type. If not otherwise specified, all QUARTZ heaters will be supplied

when operating at full voltage, provtding an infrared wa
{ength at energy peak of 2.5 t0 3.0 microns The wa
length is almost completely absorbed by the process. a
considered best for most industrial apphcations.

RADIANT QUARTZ heaters are primarily manufactur
to customer specifications. When your products or proces
ing equipment require radiant energy, one of TEMPCQ'
standard QUARTZ heaters may be the perfect answer t
your needs. For a full range of standard physicai dime
sions, electrical ratings and a complete arrangement
screw terminals and lead terminations, see page 211.

TEMPCO ENGINEERING STAFF, WITH MANY YEAR
OF EXPERIENCE IN HEAT PROCESSING AND TE
PERATURE CONTROL APPLICATIONS, CAN ASSIS
YOU IN DESIGNING THE RIGHT QUARTZ HEATER FO
YOUR SPECIFIC APPLICATION

QUARTZ HEATER SPECIFICATIONS

DIMENSIONAL

CERAMIC END CAPS: QUARTZTUBEOD A — B
3/8” 5/16" 5/8~
12" 12" 7/8"
518" 12" 78

DIAMETER: 3/8" — 112" — 5/8~

MAXIMUM LENGTH: 72"

MINIMUM LENGTH: 127

LENGTH TOLERANCE: Minimum = 1/8" upto 12" long

x 2% over 127 long

SCREW TERMINAL: 10-32 threads

TERMINATION: Type T1, L1, C4, ST FT

ELECTRICAL

RESISTANCE TOLERANCE: Nema standard + 10%  -5%

WATTAGE TOLERANCE: Nemastandard +5% -10%

MAXIMUM VOLTS: 480 Volts when applicable

MAXIMUM AMPERAGE:
MAXIMUM WATT DENSITY:

20 Amps when applicable
40 Watts/IN?

e



Radiant Quartz Heaters | .
Standard Terminations Sizes and Ratings ~ -

e e et RN

.

TvPE TYPE

) (.F

i
This termination proviges 10-32 screw errm ©.37 "0, .31e¢ «.N eramc
10 tex:ble l2ad wire externaily sphced stancard if longer leads required terminal covers Screws are prewired wih 10 tise T onad aee it ionger
— SPECIFY leads required — SPECIFY

TYPE

STANLDARD

10-32 thread screw terminal S1ancars termnalicn

TYPE .

TEESWE w0 T

1/2" wide X 3/4" long. with @ 3/32" x 3/8" siot Alternate
mounting method.

TYPE i

GUICK BISCO:NIEZT 7ov 27

Fuse type connector provides ease of insiallat:on Bar
3/8" diameter X 1/2" long.

g
Ik

DIMENSIONS IN INCHES

QUARTZ
TYPICAL APPLICLY.CNC TUBE OVERALL | HEATED VOLTS CATALOG
DIA. LENGTH | LENGTH | WATTS | 120 240 NUMBER
r SHRINK PACKAGING TUNNELS 14 1212 480 . . RT05-1400 -
« LAMINATING 3/8" gg ;8'//2 ggg . . mge-goog
4 i . . -
+ THERMO FORMING 38 36‘/2 1450 | . . Rrog-aggo
. PLAST‘C FORMING 48 46°/2 1900 L3 RT06-4800
FUSING PLASTICS
+ VULCANIZING RUBBER ¥ 1o s PO AL e
« STERILIZATON gg g:‘;z 1338 . o glgg-gggg
1 1 . - -
e SEALING 38 361 1800 . . RT08-3800
® FOOD WARMING 1/2// 42 40'/2 1580 . . RT08-4200
' 0 . . RT08-4
¢ THAWING gg :g';i éggg . mgg-gggg
e ELECTROSTATIC COPYING 2 32t 9e : e
60 1 2300 . RT08-6000
EQUIPMENT 66 g‘ﬁ 2540 . RT08.6600
e FOOD PROCESSING 72 702 2780 . RT08-7200
» DRYING PHOTO FILM EQUIPMENT
e CURING RUBBER ?_2 23 | 1a0 | . - | Amioses
« . R -
e DRYING TEXTILES . 2z o : AR o
e DRYING LACQUERS, PAINTS :g 32 ;g;g . . 3283588
, L]
e« DRYING SAND CORES 5/8" = = 00 AT T05060
e SPACE HEATERS 54 51 2575 . gpo-saoo
e THERMAL DIAZO EQUIPMENT pod i o] + | BTioeos
66 63 3175 . RT10-6600
72 69 3475 . RT10-7200

- Gy S ) R I N Ny N SN Bh BN BE BE G e an
fl
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D/40 Radiant process heaters Chromalox:

Quartz radiant heaters

0.5 to 3.8 kW
120, 208, 240, 480, 600V
Source temp. to 4000°F

Type QR with quartz lamp
element (3.9 kW/ft3)

Applications

~" Textiles and norn-woven fabrics
— drying, resin tinishing, heat setting
and shrinking, booster pre-heating, con-
rrolling dye mugration, fiber bonding, silk
screen drying.

_ Plastics — thermoforming, laminat-
ing, embossing, post-torming, film

shninking around palletized loads. Fus-  pim..in. Type OR _thil:‘ %" Quartz SL‘amE g 8“1 N°i
Ing coalings (plastisols, organisals), pre- x5 W Volts No 08 ool PCN u:e"d"m Gf,',',z“
heating and postheating materials for 137 5 7E 120 ORSGUU 3 113849 <073 VA

\ . ] !
fluidized bed coatings. ink and paint 13V 5 05 120 ORSBI3T s 113857 50013 NAA
“YPagber paperboard — curing ialex 12‘/“’ o l 8 203 82’83238 &5 ”3327 1000% 82888
- ’ 18%¢ 10 1 24 1 S 113865 1000 -8
aitmayne e BB 13 oy ko mn o

- 3 i M -
liner. booster prehealing, setting protein 24'/,: 16 16 208 QR16B330 NS 118551 160073 GR-2
denvatives and clay coatings, taminat- 24 16 16 240 QR168230 S 113902 160073 GR-2
ing. hber bonding, drying adhesives, ink  24Y 16 16 208 QR168831t NS 118560 160073 GR-2
drying. 24 16 16 240 ORIBB231T NS 118578 160013 GR-2
" Metals — baking or curing finishes, 33'%e 25 25 480 QR258430 S 113945 250073 GR-3
~ater dry-off, weld preheating, shrink fit- 3314 25 25 600 QR258630 NS 118586 250073 GR-3
ting, stress relieving. 5% 38 38 600 QR388630¢ NS 118594 380013 GR-4
Features *Includes 6~ BX and grou~3ng 2'.g
See following page tincludes 6 BX and polanzed plug

tProduces 3000W on 480V
NA—Not Available
Specify: Quantity, cataiog no . PCN, voits. kW racant neater
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D/41

Radiant process heaters

Quartz radiant heaters

0.35 to 4.30 kW
120, 240, 480V
Source temp. to 1600°F

Type QRT with 34" quartz
tube element (1.33 kW/ft2)

Type QRT with 2" quartz
tube element (1.75 kW/ft2)

Features

Higher operating temperatures than
metal sheath elements permit faster
wOrk speeds in some apphicalions.

More responsive heat-up/cool-down
makes quartz heaters suitable for appli-
cations requinng immediate operating
temperature ana/or quickly reduced
neat in event ot work stoppage.

Quartz elements are mounted in a
sturdy extruded aluminum housing
containing a highly polished aluminum
parabolic reflector.

Specially designed terminal blocks
adjust for 3" or 2" dia. quartz
elements.

Easy mounting In horizontal posi-
tion only. Mounting clamps and bolts
are furnished for back attachment to
straight or specially tormed steel straps,
elc. Housing may be in any position in
horizontal piane.

Modulation of radiant output with
input controllers can be achieved by
manual switching, variable transformers,
or SCR controis. Type QR is not recom-
mended where supply voltage fluctuates
widely.

ey

)

Chromalox’

Note: Because terminal temgerature
can not exceed 650°F, forced cooling 1S
sometimes necessary. Intense bright-
ness of the quartz element may also
cause visual discomfort f mounted n
line of sight.

Avallable in other sizes and ratings.
Quartz tubes are available 10 other
sizes and ratings. Contact your Chroma-
lox representative for price ang availa-
bty

Caution — Hazard of fire. These radi-
ant heaters must not be operated in the
presence of lammable vapors, Gases or
combustible materials without proper
ventilation and/or other safety precau-
tons, in comphance with either the
National Fire Protection Bullet:n 86A en-
ttled "Ovens and Furnaces’ or the
authority having junsdiction.

_ Type QRT — with ¥,” Quartz Tube Type QRT — with %~ Quartz Tube Cat. No.
Dim. In. Catalog Sta- Element Catalog Sta- Element Optional
A B kW Volts  No. tus PCN Used kW Volts  No. tus  PCN Used Grille
18 1 035 20 QRT-10B130 NS 118607  1-047624 047 120 QRT-108150 NS 118674  1.050048 GR-3C0
247, 13355 120 QRT-16B130 NS 1189615 2-047624 0.73 120 QRT-16B150 NS 118632  2-050048 GR-2
24 '8 055 240 QRT-168230 NS 118623  4-047624 073 240 QRT-168250 NS 118690  4-050048 GR-2
33" 4 25 335 20 QRT-258130 NS 118631  5-047624 110 120 QRT-25B150 NS 118703 5-050048 3R-3
33 25 085 240 QRT-258230 NS 118640  7-0475624 110 240 ORT-258250 NS 118711 7.050048 GR-3
1570 330130 230 QRT-38B230 NS 118658  10-047624 170 240 QRT-28B250 NS 118720 10-050048 GR-¢
155 3 130 180 (JRT.38B430 NS 118666  12-047624 170 480 QRT-388450 NS 118738 12.050048 GR-4
50'% 31 - - - - - - 240 240 QRT-338250 NS 118746  14.050048 GRS
070 353 — - - — - — 240 480 QRT-53B450 NS 118754 16-050048 GRS
T2 3 - - - - - - 290 240 QRT-658250 NS 118762 13.050048 GRS
e s = — — — — 290 480 CRT-658450 NS 113770 20-050048 GR35
357, e - - - - - 350 240 QRT-788250 NS 118789 21-050048 () SR <
%y T8 - = — — — — 350 480 QRT-78B450 NS 118767 23.050048 Y GR3
Wy, %/ - - - - = - 430 240 QRI-96B250 NS 118800 23-050048 (1} 5A-2 1) GA4
w3ty ¥~ - - — - — 430 480 QRT-96B450 NS 118818  26-050048 "1 R 2 .2 GRS
Spectty T.artty cataiog no PCN. volts, kW, radiant heater
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D/42 Radiant process heaters Chromalox

Quartz elements

0.5 to 3.8 kW
120, 208, 240, 480, 600V

-— A
Source temperature to ‘
4000°F ; ; 8 -
%" dia. quartz lamp | Vo -
Type T-3 (100 W/linear inch) .
Quartz 1amp tor type QR neater
Applications
_ Install in QR quartz radiant heaters,
LN or LW oven sections or LC
reflectors.
" Produce near infrared radiation with
peak wavelength of approximately 1 8
microns for a wide range of commercial
and industrial heat applications.
Features W MT gatalog gseu in i
Coiled tungsten resistor 1s supported Volts A 0 uara radiant hirs.
by round tantalum spacers which center T- 3
it ype T-3 quartz lamp (3%4")
the resistor in a quartz sheath. 05 120 8%, b5 50013 QR-5B130 QRSB
Filament is sealed nto each end of 10 208 13'%g 10 100073 QR-10B8830. QR-10B831 LN-15AL LW-15AL

the sheath. (Seals are mited to 650°F) 10 240 '3'%¢ 10 100073 OR-10B230. QR-10B231. LN-15AL. .- 15AL
i i 16 208 193, 16 160073 QR-16B830. QR-16B831 LY-2*AL ... 1AL

e Co%ang Ol tefminals May D& ¢ 240 19 16 160073 OR-168230 OR-16B231 (n2aL L i
i N ) 25 480 28 25 230073 QR-258430. LN-30AL. L'W-30AL

Sheath is exhausted and filled with 25 600 28'3%., 25 250073 QR-258630. LN-30AL Lw-30AL

inert gas. 38 600 am¥ 38 380073 QR-38B630. LY-43AL. LW-33AL 0 ¢

Control. Radiant output may be ac- 38 600 41}, 38 3B00T3VB® LN-43AL. LW.a3AL LC4 ~

curately controiled amith Type VC input "May be used :n vertcal position Al others musSt De used N DOHZONLIE DS 1IN 37,

controlle or SCR controller See Con- Specity: Quantity. cataiog no . PCN voits. kW raciant iement

trols Se_tion

Caution — Hazard of fire These radi-
ant heaters must not be operated in the
presence of flammabie vapors. gases or
combustible materials without proper
ventilation and/or other safety precau-
nons in comphance with either the
National Fire Protection Bulletin 86A en-
ttled ‘Ovens and Furnaces' or the
authority having junsdiction




D/43 Radiant process heaters Chromalox*

Quartz elements

0.35 to 4.3 kW
120, 240, 480V
Source temperature to

1600 °F - ]
34 Wl/linear inch for 33" dia. , 8 o
45 W/linear inch for %2” dia. o
%" and Y2" quartz tubes r
. ) k Quartz tube for type QRT neater

Applications

install in QRT radiant heaters. LN or
LW oven sections or LC reftectors

Produce intesrmediate infrared radia-
tion with peak wavelength of approxi-
matefy 2.55 microns.
Features Dim.in. _ Elem. Pat  Used in Sta- Wi,
Coiled high temperature alloy resis- kW Volts A B No. Quartz radiant hirs. tus  PCN 1bs.
:«?hrncf\ Zﬁg?:sréid“?y the quartz sheatn Quartz tube elements (34")

o ) . 035 120 132 10 1-047624 _ QRI-108130, LN-15AL, LW 15AL A5 14235 2
Additional sizes and ratings are 355 120 19': 16 2047624  QRT-16B130, LN-21AL, LW-21AL A5 127325 3
available. Contact your local Chroma- 9355 240 19': 16 3047624 ORT-168230. LN-21AL. L'W-21AL AS 113243 3
lox representative for price and availa- G35 150 28'; 25 5047624 ORT-258130, LN-30AL. LW-30AL %S 27333 4
Dibity 085 240 28v 25 7-047624  QRT-25B230. LN-30AL. (W-30AL AS 114251 4
Caution — Hazard of fire. These radi- 13 240 41 38 10047624 ORT-388230. LN-43AL. LW-43AL. LC-4 - AS 194260 5
ant heaters must not be operated «n the 13 480 412 38 12-047624 QPT-388430. LN-43AL. L'W-43AL. LC-4 AS '27941 S
presence of flammable vapors. gases of Al unils are Jsed «n norzontal position only
combustible materials without proper .
sentiation and/or other safety precau- Oim.tn. __ Elem. Part Used in Sta- wL.
10ns in comptiance with either the kW Vaits A 8 No. Quartz radiant htrs. tus PCN Ibs.
MNaton ) -

o e Froiscion Buleln S5 27 Quanz tube etements (4°) _

1athonty having junsdiction g 120 A, 10 1-050048 QRT-108150 ot 128507 !
073 120 1372 16 2-050048 QRT-168150 AS 143515 N
373 240 19" 16 4-050048 QRT-168250 AS 143523 !
1 120 2842 25 5-050048 QRT-25B8150 %S 148531 1
" 240 29" 25 7-050048 QRT-25B8250 25 148540 1
vy 240 41t 38 10-050048 QRT-388250 a3 128558 f
17 480 4102 38 12-050048 QRT-388450 %S 148566 1
24 240 56'7 53 14.050048 QRT-538250 A5 148574 2
24 480 5612 53 16-050048 QRT-538450 AS 143582 2
29 240 53" 85 18-050048 QRT-658250 25 113530 2
29 480 68" 2 65 20-050048 QRT-658450 N 148603 2
33 240 gt 78 21-050048 QRT-788250 NS 148611 J
35 180 81'2 78 23-050048 QRT-788450 AS 148620 3
43 240 99 96 24-050048 QRT-968250 NS 148638 )
43 480 99" 96 26-050048 QRT-968450 NS 118646 k)

All units are used in honzontal position only
Spectly: Quantity, PCN_ voils. W _ radiant element.
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WELLIMAN

“r o

Radiant Fcaters

Radiant Heaters
300—4.600 Watts using single element

Weltman'™ General Purpose Intrared Radiant
Heaters are uniquely designed to provide dependa-
ble. even radiation wherever safe. reliable performance
1s necessary. Uniform, efficient heat distnibution as-
sures product uniformity and high quality in process
heating applications such as baking and curing, dry-
ing and fruit drying, softening of plastics and mass
heating of steel parts such as molding.

Wellman radiant heaters are also used as comfort
heaters as the sole heat source in manufacturing.
warehouse or other localized areas that cannot be
conveniently or economically comfort heated by other
types of heaters—especially in exposed or semi-
exposed areas and uninsufated buildings.

Weliman Series RH Radiant Heaters are available
in eleven versatile heating lengths. Radiant heater
housings and heating elements are ordered separately
‘0 ensure the most efficient and economical radiant
heater best suited to specific applications. Sefection
data and exampies of radiant heater calculations are
found in the Technical Section of this catalog. Further
assistance may be obtained from your local Weliman
factory repr2sentative or from Wellman Thermal Sys-
tems Corporation,

Housing Data

Radant Overall Radiant Housing
Length Length Catalog Numbper
"nches; {inches) Radiant Efficiency 85%

5 14 RHO0500

8 17 RH1000

10 19 RH1500

16 25 RH2000

20 29 RH3000

25 34 RAH4000

32 41 RH5000

38 47 RH6000

50 59 RAH7000

62 n RHB000

74 a3 RHS000

WELLMAN

Standard Features

¢ Available in 11 versatile lengths—from 5 to 74
inches.

¢ Accurately die-formed aluminized steel housing is
sturdy, lightweight and corrosion resistant. Temper-
ature expansion is minimal. All eleven housings
have identical width and depth. varying only in
fength. Precise rectangular shape permits simple
multiple assemblies.

s Multiplane reflector is superior to conventional
curbed reflectors. Multiple overlapping reflector op-
tics minimize uneven streaks in rad:ation distri-
bution.

« Insulation behind each reflector—one inch of spun
mineral fiber—reduces heat loss through the hous-
ing, providing cooler ambient temperatures behind
the heater.

* Multiple terminal blocks, suitabie for high temper-
ature operation, permit series, parallet or open-deita
connection of elements. Built-in wiring enables the
power supply to be connected from either or both
ends. Conduit knock-outs are conveniently located
on the sides, ends or backs of the housing.

¢ Wide radiation patterns approximately 45 degrees
wide with a single element provide broad heat
coverage.

Benefits

* Broad selection of heater housings and heating ele-
ments to meet application requirements.

¢ Rugged construction for long operating life.

¢ Quickly and easily mounted and installed.

e Clean, efficient heat—with broad heat coverage.
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Heating Elements Typrcal r3adiant heating elen et
l Wwellmar * offers three @:tfzrent types of efements (2 oTTT T - i T
maich spec:hic apphications At ciements are shipped un-
~cunted o avord damaage v irinsit
Tre 430 and 296 inch meral sheath elements. the T-3 Q
Juartz iamp and the guariz ute are installed one-per-
ncusing The 3157 elements can be nstalled two-per-
nousSING "0 2rovide twice the wattage at rated voltage
Metal sheath tubular elements are constructed of
3noy sheath with nickel chromium coll 1mbedded n
magnesium-oxide insulation They are symmetncally
round for unitorm heat radhation Flexible leads connect-
=@ 10 terminal pins mmimize terminal block exposure 1o
l hich temperatures. 0315 'nch diameter. up 1o 240 volts ‘ L 13\9““’ o
0430 up to 600 volts—provides safe operation. Secondary i «@-
insulators are not required. ;/-"/
Quartz tubular elements are constructed of high tem- '
. oetature ailoy cod inside a ' o inch diameter quartz tube
Translucent fused quartz provides highest infrared trans-
mission capabiity of any matenal available. The quartz Eomar i n
sheaih shieids radiating coil from ambient loss due tc ex- Tvpe vians Yatn RSN ECII |
. ternat arafts. Stamless steel terminal pins, fusion welded /
10 flexibie leads. provide dependable service. Standard 20.nch Ragiant Lengih ‘or A0 o
elements are designed for horizontal instatlation of fow (20 T
watls per near inch) and moderate (50 watts per linear 0315 Meta 800 52 q:é’gg;
' inchnensiies. Special elements are available for load- Sheath 240 RH3302
‘NG up o 75 watts per iinear inch Consult your Weliman I I T
‘actory representative. Tooe 1009 REEE e
T-3 quartz lamps feature a rugged tungsten filament 240 AT !
gperatng in an mert gas atmosphere. The transiucent . 120 FH3E01
o® g ot S : P Standard | 0.430" Metal 100 208 RH3600
usec quar:z tube 1s hermetically sealed. Standard lamps Sheath 520 BH3802
are designed far horizontal operation at intensities of 100 277 RH3603
watls per 'inear mch. o0 | 3501
l 0 42?1 ;a’;‘:‘a‘ 1250 208 i 3500
? 21) 3652
Element Data ’ e | k3603 | 6
. LT Watts Vorts Catalog Number 25.nch Radant Length 'ar RREOGE +
- 120 RH4301
Sarct Sac 3t Lengin lor BHO500 Msg 0.31Sshea';lt‘1e'al 1000 208 RH4300
240
r ~ 5
I T3iamp [ 500 T 120 ] RHO501 ] 0
Quanz . 208
' Z.ron Badant Length 'or RHI000 Hsg Tl:me 1250 240
M53E e 300 120 RH1301 380
r . 120 ANH1101 120 RH4601
Guanz 0.430" Meta!
. Tube 400 208 ArH1100 Sheath 1400 208 AH1600
240 RH1102 240 RH1602
Gas. trea 450 120 RH1601 e RH4603
= . 120 RH3501
' {3 Lamp 800 120 RH1201 042?’9;:!“9(31 1600 208 H142500
240 Re43502
“gatcn Ratant Length for RMIS00 Hsg 27 14503
r 480 RH4214 A
T T . 208 RH1520 T-3 Lamp 2500
. | T1maTo 1000 515 AM 1592 600 RH4205
16.nch Radiant Length for RH2000 Hsg 32.nch Radant Length for RH5000 Hsg
. 20 RH5301
- 120 RH2301 0315" Metal !
0.3135;82;1: “ 600 208 AM2300 Sheath 1250 ggg g:gggg
240 RH2302 <
120 AHS101
Quarz 120 AH2101 Quartz 208 RAHS100
800 -
Tube 208 Ao Tube 1600 | 240 RHS102
2 H5103
0.430" Metal 900 120 RH2601 480 RH5104
Sheath 240 RH2602 - 120 RH5601
0496 Metal | 1000 | 120 RH2501 0430 anctal | 1800 | 208 RH5600
Sheath 240 RH2502 240 RHS5602 @ :
' 08 RH2200 R 277 AHS603 ;
208 RH2210 " 120 RHS501
T3 Lamp 1600 240 RH2202 0436 Motal | 2000 208 RH5500
240 2&422’%2 A 240 RH5502
n H2203 n RAH5503
l 277 RH2213 A 480 RHS5504
WELLMAN
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WELIMAN

-
p

-
[

A

i

= "‘v:;‘:"‘ WaATs Jx FIVIE Canatog Numpar :"-”,v?ﬂ M ‘ - CAAIG teuT e
' “ mOR LIt Laete L bR Hgg R e SNANE et g Sieem 0 b
i
[ aie Mae 120 RHE301 208 RHA100 !
[ OSEE Meal ) uson 208 RH6300 CQuanz 3100 277 RHB103
i 240 RH6302 280 RHB104
, 20 RHG10Y 0 R-BRG*
f w00 | 208 RHE 100 D30 et} zaie | 108 RHBAGL
i 240 RHE102 >neain RED) RHBEGD
: 480 RH6104 T AHEEG3
181 RHEEL
} 120 RHB601
€430 el | 2100 208 RH6600 0496 Metal 120 RHB501
‘ 240 RH6602 aneatn 3800 208 RHBS00
277 RH6603 a 240 RH8502
480 RHE604 277 RHE503
480 RHB504
can e 120 RHE501
TSR M g 08 RHB500 600 RH8SCS
S et o RHE503
! 280 RHE504 73anch Ramant Leng't tor RHANG) Mo
[ 600 RH6205 —
| T3vamp 4020 Ovanz ) RHSICA
! 600 AHE225t uar 400 g RH91’
130 AHGY(2
S0 oe Rageant Length for RH7000 Hsg 120 AH9601
r o < 0430 Metal | 4449 208 RHI600
\ - . R 208 RH7100 Sheath 540 AHOG02
1' R 7590 240 An7o2 277 RHE603
! T 277 RH7103 .
: 180 AH7104 480 RHI604
. 20 RHY5TT
120 RH7601 0496 Meta o . anil
( O30 Mewl | 2750 | 208 RH7600 Sheath w00 | e A
Sneal 240 RH7602 s RioaS
l 277 RH7603 b Alacos
; 480 RH7604 5 BHaEl:
' 120 RH7501
‘ 3:00 ggg ::;g(o)g A Recessen SinGie CONLICY D1 SPODG CAeT Lane
277 H
! 4é6 SH;ggg L verticai burning lamp
. : 600 RH7505
Standard Options and Accessories Accessories
« Spring-loaded Sockels ¢ Spring-Loaded Sockets may only be used with T-3
, Lo e tor o 6 serew heating elements factory-equipped with terminations for
54 oa on ) spring-loaded sockets. Wire size No. 18 AWG with 18
-3 - - - a inch leads (2 required per element with termnal).
> P T ecom
! — ! ¢ o .C hoe
S IO B * Mounting Bracket Kit. Cat. No RA1003. inciudes two
i 12 ¥y complete bracket assembiies {four mounting angtes plus
‘ - ' * hardware) tor assembly to a radiant housing. Kit provides
" anguiar postioning ol the housing through 180 degrees
-=5 -3 - of rotation. ir 15-degree increments
* Percentage Timer for input control—refer to Controls
2 - Section.
ha \
A ]
'9 s P * Magnetic Contactor for disconnecting heater circuits
e et _C{w:‘__ﬂ?_'vzr where circuit current exceeds amp hmit of automatic
PRt LRl o0 temperature control devices. See Controls Section.
|9’,, “ﬁll .
el !
|
s o
— e 23 RA 1002
‘ 32
/—Max pushed ou! position
of plunger

WELLMAN
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DESIGN FEATURES

« RUGGED, PORTABLE, EASY-TO-USE

« MEASURE TEMPERATURE WITHOUT
CONTACT

« -50° TO 1600°F

« 30:1 OPTICAL RESOLUTION

« DUAL DIGITAL TEMPERATURE DISPLAY

* + 1% ACCURACY

« HIGH/LOW AUDIBLE ALARMS

« ANALOG AND RS 232 OUTPUTS

+ 9 VOLT BATTERY OPERATION

« HANDY BELT-POUCH AND OPERATOR'S
MANUAL

PCRTABLE NON-CCNT.LCT
INFRARED THCRI/C 7t
if temperature is a factor in your quality, yield, equipment,
safety, or research, then put the technology in the BEAM-A-
TEMP™ (BAT) series to work for you.

The BAT series of portable IR thermometers is the most versa-
tile available. Designed with form and function in mind, the
microprocessor-based instrument is accurate and easy-to-use.
A rugged, trigger-actuated, staple gun form factor gives un-
precedented tool-like portability. The liquid crystali cigitat dis-
play provides you with two temperature readings at ail times.

Operation is easy. You stmply aim, pull the trigger, and read the
temperature. There's no need to focus and no need to calibrate.
The trigger is electronically lockable. A simple, 9-volt battery
provides at least 40 hours of continuous operation.

GENERAL PERFORMANCE

The overall temperature range of the BAT series is -50 to 1600
degrees Fahrenheit. Response time is 250 mSec, far superior
to any conventional contact method. For added accuracy, most
models include digital adjustments for emissivity and ambient
temperature.

The BAT precise infrared lens provides measurement of ob-
jects 0.7” or greater in size (0.9” for the BAT-2). Accuracy is
NQOT affected by measurement distance as long as your target
fills the field-of-view.

Beam-A-Temp’
Noncontact-Handheld

—_— _

Infrared Thermometer

THE BEAM-ATEMP™ (S AN EVERYDAY
TOOL FOR USE THROUGHOUT THE
PLANT AND YOUR MANUFACTURING
PROCESS. FOR CHECKING TEMPERA-
TURES OF ELECTRICAL AND HEAT EMIT-
TING COMPONENTS, BEARINGS. STEAM
TRAPS, ROOFING MATERIALS, INSU-
LATED LINES, CONCRETE. PUMPS AND
COMPRESSORS AS WELL AS PRODUCT
TEMPERATURES.

Actual and MAX temperatures are always displavec Fahren-
heit or Celsius units are swiich-selectable in all moceis Most:
models also display the emissivity setting.

For added flexibility, some models caiculate and display AVER-
AGE, MINIMUM, and DIFFERENTIAL values, as well as High
and Low Alarms.

A low battery indication is tncluded in the display tor all
modefs.

MENMCRY AND DATALOGGING FEATURES

All models, except BAT-2 retain all tempe-ature and statistical
values in memory after every measurement. They are avail-
able for recall to display at any time. Every time the trigger s
pulled t0 begin a new measurement, old values are erased.

All madels, except BAT-2, have analog {1 mV per degree) AND
digitat (RS232) outputs, switch-selectable, for datalogging and
recording. A printer accessory is ava.lable.

The BAT-S has a built-in datalogging function which stores up
to 64 readings. These could be taken from different sites
around your facility, or at different times during a process. The
information may be displayed, printed out, or transterred to a
Lotus 1-2-3 spreadsheet on any IBM compatible p.c

TYPICAL END USE APPLICATIONS

FLASTICS

* BLOW MOLDING

+ THERMOFORMING
+ VACUUM FORMING

« BOILER HOT SPOTS
« STEAM TRAPS
« PETROCHEMICAL

» EXTRUSION CONVERTING
* INJECTION MOLDING * WEB MONITORING
* LAMINATING « COATING
« RUBBER EXTRUSION « DRYING AND CURING
*« RUBBER CALANDERING  « LAMINATING

« PAPER PROCESSING
MAINTENANCE « TEXTILES

« PRINT DRYING
* PACKAGING AND

e FIND HOT SPUTS IN
ELECTRICAL EQUIPMENT

* BEARING SEALING
TEMPERATURES

« EQUIPMENT CHEMICALS
TEMPERATURES + SINTERING

* HVAC « CALCINING

* FONDANT/ICING
« COOLING DRUMS

* MANUFACTURE OF
ASPHALT, COKE,

CEMENT, ETC.

* PROCESSING
PROPELLANTS AND
EXPLOSIVES

« DRYING OF POWDERS,
GRANULAR MATERIALS
AND RESINS

« MIXING TEMPERATURES

FOOD PROCESSING/
PHARMACEUTICAL

* MIXING

+ COOKING

* ROASTING

« CANDY EXTRUSION
« CANDY MOLDING

« TEMPERATURE OF
STORED PRODUCTS

« TABLET DRYING

« PILL COATING

» TOBACCO PROCESSING

ELECTRONICS

* WAVE SOLDERING
» CIRCUIT-BOARD TESTING

CONSTRUCTION
* ROOFING

TEMPERATURES
« ASPHALT

“
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Beam-A-Temp  Infrared Thermometers

Design Specifications
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=l 20 60 100 tag 180 220 260 B 50 106 a0 8c 22¢ 250
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- SICTALIL - R Y CISTANCE SENSCBR "C CELECT M
[ S CCIFICLTICNS £at: EAT-3 5472 BAT-S
Temperature range 0101000 F ¢ - '810540°C) O1c '60C F(-'810870°CY |
Emissivity Fixeg (a0 095 010 10 10 Digitally Aciustacie .
- e EERS P s it S A bl
Temperature measurement Current, MAX
MIN DIF AVG
Recali of last reading 4
Stores 64 ponts in memory f
- S S et
HuLo auaible atarm |
Ambient temperature compensation (T,) : '
. e S . Y —
Locking tngger . !
OC power input 1 o - - : :
i

Data output RS232C or t mV per degree (°C or °F)

—, > > . L

Accuracy

= 1% of Reaaing, = 1 digt '

Repeatability:

= 05 of Reading, =1 digi

Spreadsheet software program

Spectral response 8 10 14 microns o e
Response time 250 mSec e .
Temperature display °F or °C. swilch selectable o
Ambient operating range 32120°F0%0°¢9p _{
Power 9 VOC Alkaline or Lthwmbattery
_Dimensions (L x W x H) L 55" x175" x7"(15x45x8cm ]
_Weght. o b 4oz 0O6Kg) ,,,.,,,~~,~4(
Tpod mount ~ __ a-20UNC e
Accessories (BAT 3. 4. 5)
AC Adaptor 3 VDC output at 100 mAmMp. tip positive
Qutput cable 36" (91 cm) Analog/Digital
Printer Thermal-lype with internal battery or AC adaptor

18x5x85mn, @6x13x22cm) 2502. 07 kg
5'/a” disk for data transter to Lotus 1-2-3 (BAT-S only)

LCD DISPLAY FUNCTIONS

A UNIQUE LCD DISPLAY SIMULTANEOUSLY
PROVIDES CURRENT TEMPERATURE N °F
OR °C AND EMISSIVITY ALONG WITH MAXI-
MUM, MINIMUM, AVERAGE OR DIFFER-
ENCE.

Hi and Lo tempera-
ture limits may be
set and an audible
alarm activated
when these limits
are exceeded. Lo
Bat indicates a low
battery.

The Lock tunction

| LoBaT °F ; [ _c } allows you to lock
i S i 130 | the trigger in the on
| — | position. The BAT

G- D ’ i will also store Last
€:99 €:99 l Temperature Read

* 91! T MiL 2:4 1 and Max tempera-

ture for instant re-
call.




