
SPRAY DEVICE FOR SPRAYING CRYOGENIC LIQU¡D AND SPRAYING METHOD
ASSOCIATED TO THIS DEVICE

CROSS-REFERENCE TO RELATED APPLICATIONS

Thls appllcation clalms the benefit of Provlslonal US $plicatlon Nos. 60/840,616 filed

August 28, 2006, and 60/851189 filed October 12,2006, both entitled "Noz'le' System,

and Method for Cryogenlc lmplngement" whlch are lncorporated ln thelr entirety hereln

by reference.

BACKGROUND

t00Qf l The present invention relates to a cryogenlc nozzle. ln partiotlar, the present

invention relates to controlling the flow rate of a cryogenic liquid through a cryogenic

nozle. A nozzle is a constriction of the fluid line at or near the exit or termination point

from which that fluid ls ejected Into open space that is at a lower pressure than the

pressuf€ ln the supply {ine. The fluld passages shoun in Fþs 1C,2A'2D and 3 are the

constrlctlons wiürln the nozzle and those figures do not show the supply llnes to the

nozzle.

tOOO2l Fig 1A shows the conventional method fgr controlling the flow rate of a

cryogenic liquid through a nozzJe. In partlcular, a valve V is installed upstream of the

nozzlethat restricts the flor¡r of the cryogenlc liquid L when tíe desired florr rate through

nozzle N is less than the deslgn capaclty of the nozzle. A problem with thls conventional

method ls the pressure drop the llquld lncurs across the valve whlch causes a reductlon

ln the spray veloclty.

t0003l Furthermore, the pressure drop causes a portion of the liquid to boil

downstream of the valve whlch can plug the nozzle and/or the nozzle passage, thereby

causlng flow rate pulsations. lt ls lmportant to understand in thls regard that the

convenüonal method ls constrained from lncreaslng the slze of the nozzle orifice to

qulckly vent the boll-off and thus ellmlnate the resulting llor rate pulsatlons. In

particular, a larger nozzle orifice ln he conventional method would require a higher

degree of valve restriction to achieve an equivalent range of flow reductions, and thus a

larger pressure drop and even more boil-off.
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SPRAY DEVICE FOR SPRAYING CRYOGENIC LIQUID AND SPRAYING METHOD
ASSOCIATED TO THIS DEVICE CROSS-REFERENCE TO RELATED APPLiCATIONS This
application Sims the benefit of Provisional US Application Nos. 60/840,816 filed August 28,
2006, and 60/851189 filed October 12, 2006, both entitled 'Nozzle, System, and Method for
Cryogenic Impingement which are Incorporated M their entirety herein 5 by reference,
BACKGROUND [0001] The present invention relates to a cryogenic nozzle. In particular, the
present Invention relates to controlling the flow rate of a cryogenic liquid through a cryogenic
nozzle. A nozzle is a constriction of the fluid line at or near the exit or termination point 10
from which that fluid is ejected into open space that is at a lower pressure than the pressom in
the supply line. The fluid passages shown in Figs 1C, 2A-2D and 3 are the constrictions within
the nozzle and those figures do not show the supply lines to the nozzle. lo0021 Fig IA shows
the conventional method for controlling the flow rate of a 15cryogenic liquid through a nozzle.
In particular, a valve V is installed upstream of the nozzle that restricts the flow of the
cryogenic liquid L when the desired flow rate through nozzle N Is less than the design
capacity of the nozzle. A problem with this conventional method Is the pressure drop the liquid
incurs across the valve which causes a reduction in the spray velocity. 20[0003j Furthermore,
the pressure drop causes a portion of the liquid to boil downstream of the valve which can
plug the nozzle end/or the nozzle passage, thereby causing flow rate pulsations. It is
important to understand in this regard that the conventional method is constrained from
increasing the size of the nozzle orifice to quickly vent the boll-off and thus eliminate the
resulting flow rate pulsations. In 25particular, a larger nozzle orifice In the conventional
method would require a higher degree of valve restriction to achieve an equivalent range of
flow reductions, and thus a larger pressure drop and even more boil-oft  [0004] This constraint
on increasing the nozzle size in the conventional method leads to another problem in the
conventional method when the nozzle and the delivery line thereto must be cooled down from
room temperature before start-up. In particular, an 
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f00041 This constraint on increasing the nozzle size in the conventional method leads

to another problem in the conventional method when the nozzle and the delivery line

thereto must be cooled down from room temperature before start-up. ln particular, an

oversized nozzle is required to quickly vent the large quantities of vapor that evolve

during such a cool-down. Consequently, the conventional method is faced with the

dilemma of choosing between the time-consuming task of changing out the oversized

nozzle before commencing normal operation, or the complexities of designing a system

for temporarily increasing the orifice size of the nozzle during cool-down.

[0005] Finally, another problem with the conventional method is the valve itself. ln

particular, valves that must handle cryogenic liquids are costly and tend to break down.

The present invention provides a method for controlling the flow rate of a cryogenic liquid

through a nozzle that avoids the above described problems.

[0006] Fig 1B shows a conventional modification to Figure 1A to reduce the boiling-

induced flow rate pulsations by locating valve V al nozzle N. ln this fashion, the boiling

occurs in the nozzle discharge and thus associated nozzle plugging is avoided.

Unfortunately, this modification would be impractical in many applications as the

controlling valve makes the nozzle too big and bulky to fit in manufacturing machines.

Furthermore, moving the pressure drop to the nozzle discharge does not prevent the

reduction in the spray velocity from occurring.

[00071 Related art includes Kellett, US Patent 5,385,025; Brahmbhatt et al, US Patent

6,363,729; Germain et al, US Patent 6,070,416; and Kunkel et al, US 200210139125.

BRIEF SUMMARY OF THE INVENTION

[00081 The present invention is a method and apparatus for controlling the flow rate of

a cryogenic liquid through a nozzle. The flow rate is controlled with a "throttling" gas

having a pressure greater than or equal to the pressure of the cryogenic liquid, a

temperature greater than the temperature of the cryogenic liquid; and a boiling point less

than or equal to the temperature of the cryogenic liquid.

[00091 Specifically this invention provides a process comprising providing a cryogenic

liquid; providing a throttling gas having a pressure greater than or equal to the pressure

of the cryogenic liquid, a temperature greater than the temperature of the cryogenic

liquid; and a boiling point less than or equal to the temperature of the cryogenic liquid;

introducing the cryogenic liquid and the throttling gas into a contact zone and contacting
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oversized nozzle is required to quickly vent the lame quantities of vapor that evolve 5during
such a cool-down. Consequently, the conventional method is faced with the dilemma of
choosing between the time-consuming task of changing out the oversized nozzle before
commencing normal operation, or the complexities of designing a system for temporarily
increasing the orifice size of the nozzle during cool-down. [0005] Finally, another problem with
the conventional method is the valve itself. In 10particular, valves that must handle cryogenic
liquids are costly and tend to break down. The present invention provides a method for
controlling the flow rate of a cryogenic liquid through a nozzle that avoids the above described
problems. [0006] Fig 1B shows a conventional modification to Figure lA to reduce the
boiling-low rateby locating valve V at nozzle N. In this fashion, the boiling 15occursnozzle
discharge and thus associated nozzle plugging is avoided. Unfortunately, this modification
would be impractical in many applications as the controlling valve makes the nozzle too big
and bulky to fit in manufacturing machines. Furthermore, moving the pressure drop to the
nozzle discharge does not prevent the reduction in the spray velocity from occurring, 20[0007]
Related art includes Kellett, US Patent 6,365.026; Brahmbhatt et al, US Patent 6,363,729;
Germain et al, US Patent 6,070,416; and Kunkel et al, US 2002/0139125, BRIEF SUMMARY
OF THE INVENTION [0008] The present invention is a method and apparatus for controlling
the flow rate of a cryogenic liquid through a nozzle. The flow rate is controlled with a
"throttling" gas 25having a pressure greater than or equal to the pressure of the cryogenic
liquid, a temperature greater than the temperature of the cryogenic liquid; and a boiling point
es than or equal to the temperature of the cryogenic liquid, [0009] Specifically this invention
provides a process comprising providing a cryogenic liquid; providing a throttling gas having a
pressure greater than or equal to the pressure 30of the cryogenic liquid, a temperature
greater than the temperature of the cryogenic 
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the liquid and the throttling gas to form a resulting fluid; and discharging the fluid through

a nozzle while continuing to introduce the cryogenic liquid and the throttling gas into the

contact zone. The method includes the step of continuing the gas and liquid flows for a

period of time and adjusting the mass flow rate, and/or temperature, and/or pressure of

the gas as desired between from maximum flow to no gas flow to adjust or maintain the

mass flow rate of the cryogenic liquid.

[00101 ln the process of the present invention, the cryogenic liquid and throttling gas

are introduced into a contact zone where they are contacted to form a resulting fluid.

The resulting fluid is discharged through the nozzle while continuing to introduce

additional cryogenic liquid and throttling gas or additional cryogenic liquid, or additional

throttling gas, from one or more sources upstream of the contact zone, into the contact

zone. ln one embodiment of the process of the present invention, the process further

comprises controlling the fluid's discharge mass flow rate and the mass ratio of the

discharged fluid's liquid component to its gaseous component as a function of the

throttling gas pressure.

f001f l ln one embodiment of the present invention, the apparatus comprises a conduit

having an upstream end and a downstream end in head-on flow communication with a

nozzle. The apparatus further comprises a first supply line that connects a pressurized

gas supply line to the conduit and a second supply line that connects the cryogenic liquid

supply line to the conduit. The discharge end of the gas supply line is in head-on flow

communication with the upstream end of the conduit, while the liquid supply line is in 45-

135 degree flow communication with the upstream end of the conduit (measured from

the conduit).

[00121 ln a second apparatus embodiment of the present invention, the apparatus

comprises a conduit having a first feed end and a second feed end which may be an

opposing feed end, and a nozzle comprising a row of openings (or optionally a slit) along

at least a portion of the length of the wall of the conduit. The apparatus fudher

comprises a first supply line having a discharge end in head-on flow communication with

at least one of the feed ends of the conduit, and a second supply line having a discharge

end in 45-135' flow communication with at least one of the feed ends of the conduit. The

angle is measured from the conduit. ln one embodiment of the second apparatus, the

first supply line that is in head-on communication with the conduit connects a pressurized

gas supply to the conduit, while the second supply line that is in 45-135'flow
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liquid; and a boiling point less than or equal to the temperature of the cryogenic liquid;
introducing the cryogenic liquid and the throttling gas into a contact zone and contacting  WO
2008/027900PCT/US2007/077010 the liquid and the throttling gas to form a resulting fluid;
and discharging the fluid through a nozzle while continuing to introduce the cryogenic liquid
and the throttling gas into the contact zone. The method includes the step of continuing the
gas and liquid flows for a period of time and adjusting the mass flow rate, and/or temperature,
and/or pressure of 5the gas as desired between from maximum flow to no gas flow to adjust
or maintain the mass flow rate of the cryogenic liquid. [0010] In the process of the present
invention, the cryogenic liquid and throttling gas are introduced into a contact zone where they
are contacted to form a resulting fluid. The resulting fluid is discharged through the nozzle
while continuing to introduce 10additional cryogenic liquid and throttling gas or additional
cryogenic liquid, or additional throttling gas, from one or more sources upstream of the contact
zone, into the contact zone. In one embodiment of the process of the present invention, the
process further comprises controlling the fluid's discharge mass flow rate and the mass ratio
of the discharged fluid's liquid component to its gaseous component as a function of the
15throttling gas pressure. tool ij In one embodiment of the present invention, the apparatus
comprises a conduit having an upstream end and a downstream end in head-on flow
communication with a nozzle. The apparatus further comprises a first supply line that
connects a pressurized gas supply line to the conduit and a second supply line that connects
the cryogenic liquid 20supply line to the conduit, The discharge end of the gas supply line is in
head-on flow communication with the upstream end of the conduit, while the liquid supply line
is in 45- 135 degree flow communication with the upstream end of the conduit (measured from
the conduit). 100121 In a second apparatus embodiment of the present invention, the
apparatus 25comprises a conduit having a first feed end and a second feed end which may
be an opposing feed end, and a nozzle comprising a row of openings (or optionally a slit)
along at least a portion of the length of the wall of the conduit. The apparatus further
comprises a first supply line having a discharge end in head-on flow communication with at
least one of the feed ends of the conduit, and a second supply line having a discharge 
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communication or 90-135' flow communication with the conduit connects a cryogenic

liquid supply to the conduit.

t00131 ln a third apparatus embodiment of the present invention, the apparatus

comprises an annular space defined by an outer conduit concentrically surrounding an

inner conduit containlng a plurality of openings in its wall. The annular space has a first

feed end and an opposing feed end which are respectively adjacent to a first inlet end

and an opposing inlet end of the inner conduit. The apparatus further comprises a

nozzle comprising a row of openings (or optionally a slit) along at least a portion of the

length of the wall of the outer conduit, a first supply line in flow communication with at

least one of the feed ends of the annular space, and a second supply line in flow

communication with at least one of the inlet ends of the inner conduit. ln one

embodiment of the third apparatus, the first supply line in flow communication with

annular space connects a pressurized gas supply to the annular space, while the second

supply line in flow communication with the inner conduit connects a cryogenic liquid

supply to the inner conduit.

l00f 4l This invention further provides an apparatus comprising at least one cryogenic

spray device each having at least one gas inlet in fluid communication with a contact

zone; and at least one cryogenic liquid inlet in fluid communication with the contact zone,

the contact zone being in fluid communication with at least one nozzle; and a gas supply

control in fluid communication with each of the at least one gas inlet; wherein the gas

supply control is adapted to enable adjustment of at least one of temperature and

pressure of gas supplied to each of the at least one gas inlet to achieve a first desired

flow rate of cryogenic liquid through the at least one nozzle when a source of cryogenic

liquid at a first pressure is provided to each of the at least one cryogenic liquid inlet.

[00f 5] This invention further provides an apparatus comprising: an outer conduit; an

inner conduit positioned within the outer conduit and defining an annular space between

the outer conduit and the inner conduit, the inner conduit having at least one opening

positioned to enable the cryogenic liquid to flow radially from the inner conduit into the

annular space; at least one nozzle formed on the outer conduit, each of the at least one

nozzle being in fluid communication with the annular space; a first gas inlet in fluid

communication with the outer conduit, the first gas inlet being adapted to be connected

to a pressurized gas supply; and a first cryogenic liquid inlet in fluid communication with
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30end in 45-135 flow communication with at least one of the feed ends of the conduit. The
angle is measured from the conduit. In one embodiment of the second apparatus, the first
supply line that is in head-on communication with the conduit connects a pressurized gas
supply to the conduit, while the second supply line that is in 45-135' flow  communication or
90-135" flow communication with the conduit connects a cryogenic liquid supply to the
conduit. [0013] In a third apparatus embodiment of the present invention, the apparatus
comprises an annular space defined by an outer conduit concentrically surrounding an inner
conduit containing a plurality of openings in its wall. The annular space has a first feed end
and an opposing feed end which are respectively adjacent to a first inlet end and an opposing
inlet end of the inner conduit. The apparatus further comprises a nozzle comprising a row of
openings (or optionally a slit) along at least a portion of the length of the wall of the outer
conduit, a first supply line in flow communication with at 10least one of the feed ends of the
annular space, and a second supply line in flow communication with at least one of the inlet
ends of the inner conduit. In one embodiment of the third apparatus, the first supply line in
flow communication with annular space connects a pressurized gas supply to the annular
space, while the second supply line in flow communication with the inner conduit connects a
cryogenic liquid supply to the inner conduit. [0014] This invention further provides an
apparatus comprising at least one cryogenic spray device each having at least one gas inlet in
fluid communication with a contact zone; and at least one cryogenic liquid inlet In fluid
communication with the contact zone, the contact zone being in fluid communication with at
least one nozzle; and a gas supply 20control in fluid communication with each of the at least
one gas inlet wherein the gas supply control is adapted to enable adjustment of at least one of
temperature and pressure of gas supplied to each of the at least one gas inlet to achieve a
first desired flow rate of cryogenic liquid through the at least one nozzle when a source of
cryogenic liquid at a first pressure is provided to each of the at least one cryogenic liquid inlet.
25[0015] This invention further provides an apparatus comprising; an outer conduit; an inner
conduit positioned within the outer conduit and defining an annular space between the outer
conduit and the inner conduit, the inner conduit having at least one opening positioned to
enable the cryogenic liquid to flow radially from the inner conduit into the annular space; at
least one nozzle formed on the outer conduit, each of the at least one 30nozzle being in fluid
communication with the annular space; a first gas inlet in fluid communication with the outer
conduit, the first gas inlet being adapted to be connected to a pressurized gas supply; and a
first cryogenic liquid inlet in fluid communication with 
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the inner conduit, the first cryogenic liquid inlet being adapted to be connected to a

cryogenic liquid supply.

t00161 This invention further provides an apparatus comprising: a conduit having an

upstream end and a downstream end; a nozzle in head-on flow communication with the

downstream end; a first inlet that is adapted to be connected to a pressurized gas supply

line, the first inlet having a discharge end in head-on flow communication with the

upstream end of the nozzle; and a second inlet that is adapted to connect to a cryogenic

liquid supply line, the second inlet having an outlet end in 45 - 135 degree flow

communícation with the upstream end.

100171 This invention further provides a method comprising: supplying a cryogenic

liquid at a first pressure and first temperature to a contact zone that is in fluid

communication with at least one nozzle; supplying a gas at a second pressure and

second temperature to the contact zone, the second pressure being no less than the first

pressure, the second temperature being greater than the first temperature, and the gas

having a boiling point at I atm that is no greater than the first temperature; regulating the

gas supplied to the contact zone in order to achieve a desired flow rate of cryogenic

liquid through each of the at least one nozzle.

BRIEF DESCRIPTION OF THE DRAWINGS

100181 Fig 1A shows a conventionalcryogenic spray nozzle'

t001gl Fig 1B shows a conventional cryogenic spray nozzle with a modified location.

t00201 Fig 1C shows one embodiment of the present invention.

t00211 Fig 2A to 2D show various other embodiments of the present invention having

different contact zone and/or nozzle configurations'

100221 Fig 3 shows an additional embodiment of the present invention'

t00231 Fig 4 shows another embodiment of the present invention having multiple spray

nozzles.

t00241 Fig 5 shows a single-conduit spray tube embodiment of the present invention.

100251 Fig ôA to 6l show several double-conduit spray tube embodiments of the

present invention.
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the inner conduit, the first cryogenic liquid inlet being adapted to be connected to a cryogenic
liquid supply. [0016] This invention further provides an apparatus comprising: a conduit having
an upstream end and a downstream end; a nozzle in head-on flow communication with the
downstream end; a first inlet that is adapted to be connected to a pressurized gas supply line,
the first inlet having a discharge end in head-on flow communication with the upstream end of
the nozzle; and a second inlet that is adapted to connect to a cryogenic liquid supply line, the
second inlet having an outlet end in 45 - 135 degree flow communication with the upstream
end. 10[0017] This invention further provides a method comprising; supplying a cryogenic
liquid at a first pressure and first temperature to a contact zone that is in fluid communication
with at least one nozzle; supplying a gas at a second pressure and second temperature to the
contact zone, the second pressure being no less than the first pressure, the second
temperature being greater than the first temperature, and the gas 15having a boiling point at 1
atm that is no greater than the first temperature; regulating the gas supplied to the contact
zone in order to achieve a desired flow rate of cryogenic liquid through each of the at least
one nozzle. BRIEF DESCRIPTION OF THE DRAWINGS [0018] Fig 1A shows a conventional
cryogenic spray nozzle, [0019] Fig 1S shows a conventional cryogenic spray nozzle with a
modified location. [0020] Fig 1C shows one embodiment of the present invention. 100211 Fig
2A to 2D show various other embodiments of the present invention having different contact
zone and/or nozzle configurations. 25[0022] Fig 3 shows an additional embodiment of the
present invention. [0023] Fig 4 shows another embodiment of the present invention having
multiple spray nozzles. [0024] Fig 5 shows a single-conduit spray tube embodiment of the
present invention.       [0025] Fig 6A to 61 show several double-conduit spray tube
embodiments of the 30present invention.  WO 70081027900PCTfUS27/O77OtO 
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t00261 Fig 7 shows a spray tube system that is adapted to track a moving heat source.

t0027l Fig I shows another embodiment of the spray tube of Fig 7 in which the spray

tube encircles a substrate.

t00281 Fig. 9 shows another alternative spray tube embodiment'

DETAILED DESCRIPTION OF THE INVENTION

t002gl As used herein and in the claims, the following terms shall be defined as

follows:

(i) A "cryogenic fluid" means a fluid having a boiling point less than -73'C at 1 atm

pressure.

(ii) A "cryogenic liquid" means a cryogenic fluid in liquid phase a boiling point less

than -73"C at 1 atm Pressure.

(iii) A "nozzle" shall mean one or more openings for discharging a fluid. A nozzle is

a constriction of the fluid line at or near the exit or termination point from which that fluid

is ejected into open space that is at a lower pressure than the pressure in the supply line.

(iv) "Head-on" flow communication between a conduit and a nozzle shall mean the

1ow path at the discharge end of the conduit merges into the flow path through the

nozzle without a change in direction. Similarly, "head-on" flow communication between a

fluid and a conduit shall mean the flow path of the fluid merges into the flow path at the

feed or upstream end of the conduit without a change in direction. Finally, "head-on"

flow communication between a supply line and a conduit shall mean the flow path at the

discharge end of the supply line merges into the flow path at the feed or upstream end of

the conduit without a change in direction.

(v) "4S"-135o flow communication" between a fluid and a conduit shall mean the flow

path of the fluid merges into the flow path at the feed end of the conduit at an angle from

45" to 13S'. Similarly, 45"-135" flow communication between a supply line and a conduit

shall mean the flow path at the discharge end of the supply line merges into the flow path

at the feed end of the conduit at an angle from 45" to 135'. For some embodiments the

direction of the flow of the gas into the liquid into the contact zone of the nozzle, as

defined by openings, supply lines or other connections, is from 0" to 180', 0" to 90" or

45' to g0', and the conduit may or may not be in head on flow communication with the

contact zone.

.6-

10

PCTruS2007/077010

15

20

25

30

[002611 Fig 7 shows a spray tube system that is adapted to !rack a moving heat source.
[0027] Fig 8 shows another embodiment of the spray tube of Fig 7 in which the spray tube
encircles a substrate. [0028] Fig. 9 shows another alternative spray tube embodiment.
5DETAILED DESCRIPTION OF THE INVENTION [0029] As used herein and in the claims,
the following terms shall be defined as follows: 0) A "cryogenic fluid" means a fluid having a
boiling point less than 73C at 1 atm pressure. 10(ii) A 'cryogenic liquid" means a cryogenic
fluid in liquid phase a boilThg point less than -73"O at 1 atm pressure.     (iii) A "nozzle" shall
mean one or more openings for discharging a fluid. A nozzle is a constriction of the fluid line
at or near the exit or termination point from which that fluid is ejected into open space that is
at a lower pressure than the pressure in the supply line. 15(iv) "Head-on" flow communication
between a conduit and a nozzle shall mean the flow path at the discharge end of the conduit
merges into the flow path through the nozzle without a change in direction. Similarly,
"head-on" flow communication between a fluid and a conduit shall mean the flow path of the
fluid merges into the flow path at the feed or upstream end of the conduit without a change in
direction. Finally, "head-on" 20 flow communication between a supply line and a conduit shall
mean the flow path at the discharge end of the supply tine merges into the flow path at the
feed or upstream end of the conduit without a change in direction.    (v) "45%135" flow
communication' between a fluid and a conduit shall mean the flow path of the fluid merges into
the flow path at the feed end of the conduit at an angle from 2545' to 135'. Similarly, 45"-135
flow communication between a supply line and a conduit shall mean the flow path at the
discharge end of the supply line merges into the flow path at the feed end of the conduit at an
angle from 45 to 1350. For some embodiments the direction of the flow of the gas into the
liquid into the contact zone of the nozzle, as defined by openings, supply lines or other
connections, is from 0' to 180, 0' to 90' or 3045' to 900, and the conduit may or may not be in
head on flow communication with the 
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[00301 The present invention is based on Applicants' discovery that when a cryogenic

liquid and a pressurized "throttling" gas are introduced into a "contact zone" and the

resulting fluid discharged through a nozzle, the discharged fluid's liquid-to-gaseous ratio,

and therefore the flow rate of cryogenic liquid, can be controlled as a function of the

pressure of the throttling gas. ln this fashion, the present invention can alternate

between an impingement cooling functionality, when the discharge fluid may comprise a

majority (51-100%) or higher percentage up to 100% liquid (for example, 75-100o/o liquid)

and a blast-cleaning functionality when the discharge fluid may comprise a majority (51-

100%) or higher percentage up to 100 % gas (for example,TS-100o/o gas), without any

changes other than to the pressure of the throttling gas (hereafter, the "hybrid

functionality" feature).

t003f ] Furthermore, in a "spray tube" embodiment of the present invention, Applicants

have developed a method for controlling the "spray profile" of the discharged fluid's liquid

component as a function of the throttling gas pressure (hereafter, the "spray profile"

feature). ln this fashion, the present invention can match a substrate's "cooling profile"

(such as in a cold rolling application where the middle of the metal strip requires more

cooling than the ends) or even track a dynamic heat load that is imparted to a substrate

(such as in a thermal spraying application, for example, disclosed in "Thermal Deposition

Coating Method" 11/389,308 filed March 27,2006, claiming priority to provisional

application 60/670,497, filed April 12,2005, entitled "Control Method for Thermal

Deposition Coating Operations, which are both incorporated herein in their entireties by

reference herein.

t00321 ln general, increases in the throttling gas pressure between a pressure equal to

the cryogenic liquid pressure and a maximum gas pressure result in proportional

decreases in the discharged fluid's liquid-to.gaseous ratio. The composition of the

discharge fluid may vary between 100 percent liquid to 100 percent gas. Such increases

in the gas pressure will result in a proportional decrease in the total mass flow rate of the

discharged fluid. These relationships are discussed in more detail below.

t00331 An important advantage of the present invention is ability to control the

discharged fluid's liquid component is achieved without a conventionalflow-restricting

valve and the associated pressure drop. Consequently, unlike the conventional

methods, the liquid spray velocity in the present invention does not decay as the liquid

component of the discharge is reduced (hereafter, the "spray velocity" feature).
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contact zone.  WO 2008/027900PCTIUS2007/077910 [0030] The present invention is based
on Applicants discovery that when a cryogenic liquid and a pressurized "throttling" gas are
introduced into a "contact zone" and the resulting fluid discharged through a nozzle, the
discharged fluid's liquid-to-gaseous ratio, and therefore the flow rate of cryogenic liquid, can
be controlled as a function of the 5pressure of the throttling gas. In this fashion, the present
invention can alternate between an impingement cooling functionality, when the discharge
fluid may comprise a majority (51-100%) or higher percentage up to 100% liquid (for example,
75-100% liquid) and a blast-cleaning functionality when the discharge fluid may comprise a
majority (51- 100%) or higher percentage up to 100% gas (for example, 75-100% gas),
without any 10changes other than to the pressure of the throttling gas (hereafter, the "hybrid
functionality"' feature), [0031] Furthermore, in a "spray tube" embodiment of the present
invention, Applicants have developed a method for controlling the "spray profile" of the
discharged fluid's liquid component as a function of the throttling gas pressure (hereafter, the
"spray profile" 15feature). ln this fashion, the present invention can match a substrate's
"cooling profile" (such as in a cold rolling application where the middle of the metal strip
requires more cooling than the ends) or even track a dynamic heat load that is imparted to a
substrate (such as in a thermal spraying application, for example, disclosed in "Thermal
Deposition Coating Method" 11/369,308 filed March 27, 2006, claiming priority to provisional
20application 60;670,497, filed April 12, 2005, entitled "Control Method for Thermal Deposition
Coating Operations, which are both incorporated herein in their entireties by reference herein.
[0032] In general, increases in the throttling gas pressure between a pressure equal to the
cryogenic. liquid pressure and a maximum gas pressure result in proportional 25decreases in
the discharged fluid's liquid-to-gaseous ratio. The composition of the discharge fluid may vary
between 100 percent liquid to 100 percent gas. Such increases in the gas pressure will result
in a proportional decrease in the total mass flow rate of the discharged fluid. These
relationships are discussed in more detail below. 



wo 2008/027900

10034] Another important consequence of the absence of the conventional flow-

restricting valve in the present invention is the ability to use larger nozzle sizes than are

possible with conventional methods. Consequently, the nozzle can be increased to a

size that will quickly respond to gas pressure increases in terms of achieving the desired

liquid-to-gaseous discharge ratio (hereafter, the "rapid response" feature). Moreover,

this increased nozzle size also functions to quickly vent the large quantities of vapor that

are generated when the system must be started-up from ambient temperature (hereafter,

the "rapid start-up" feature).

f00351 The above hybrid functionality, spray profile, spray velocity, rapid response and

rapid start-up features make the present invention uniquely suitable to a wide range of

applications including, but not limited to, the following:

(i) a thermal spraying application, particularly using high-velocity oxy-fuel

(HVOF) or plasma spraying systems;

(ii) welding;fusing; hardening; nitriding; carburizing; laser glazing: induction heat

treating; brazing; extrusion; casting;finish-rolling;forging; embossing; engraving;

patterning; printing, scribing or slitting of metal strip, tape, or tube; cryogenic cutting and

grinding of metal and non-metal components; and

(iii) processing, surfacing, or assembly in the metals, ceramics, aerospace,

medical, electronics, and optical industries.

t00361 ln addition to the pressure of the throttling gas, the temperature of the throttling

gas also plays a role in the present invention. ln particular, the boil-off that is generated

when the throttling gas contacts the cryogenic liquid contributes to the throttling effect.

Typically, the temperature of the throttling gas introduced into the contact zone is

ambient (as this ensures a suitable boil-off without the need to either heat or cool the

throttling gas) and the gas pressure functions as the preferred "control lever" in the

present invention. However, in terms of regulating the boil-off contribution to the

throttling effect, the gas temperature could also function as the control lever, either by

itself (i.e, such that the gas pressure is held constant), or in combination with

adjustments in gas pressure. Also, noting that any amount of heat added to a saturated

cryogenic liquid will cause at least some boil-off, the temperature of the throttling gas is

preferably greater than the temperature of the cryogenic liquid. Finally, regarding the

temperature, it is possible to reduce the pressure required for any particular throttling

rate by using a temperature higher than ambient, but if the temperature is too high, the
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[0033] An important advantage of the present invention is ability to control the 30discharged
fluid's liquid component is achieved without a conventional flow-restricting valve and the
associated pressure drop. Consequently, unlike the conventional methods, the liquid spray
velocity in the present invention does not decay as the liquid component of the discharge is
reduced (hereafter, the "spray velocity" feature).  WO 2008/027900PCT/US2007/077010
[0034] Another important consequence of the absence of the conventional flow-restricting
valve in the present invention is the ability to use larger nozzle sizes than are possible with
conventional methods. Consequently, the nozzle can be increased to a size that will quickly
respond to gas pressure increases In terms of achieving the desired 5liquid-to-gaseous
discharge ratio (hereafter, the "rapid response" feature). Moreover, this increased nozzle size
also functions to quickly vent the large quantities of vapor that are generated when the system
must be started-up from ambient temperature (hereafter, the "rapid start-up" feature),   [0035]
The above hybrid functionality, spray profile, spray velocity, rapid response and 10rapid
start-up features make the present invention uniquely suitable to a wide range of applications
including, but not limited to, the following:           (i) a thermal spraying application, particularly
using high-velocity oxy-fuel (HVOF) or plasma spraying systems;           (ii) welding; fusing;
hardening; nitriding; carburizing; laser glazing; induction heat 15treating; brazing; extrusion;
casting: finish-rolling; forging; embossing; engraving; patterning; printing, scribing or slitting of
metal strip, tape, or tube; cryogenic cutting and grinding of metal and non-metal components;
and           (iii) processing, surfacing, or assembly in the metals, ceramics, aerospace,
medical, electronics, and optical industries. 20[0036] In addition to the pressure of the
throttling gas, the temperature of the throttling gas also plays a role in the present invention. in
particular, the boil-off that is generated when the throttling gas contacts the cryogenic liquid
contributes to the throttling effect. Typically, the temperature of the throttling gas introduced
into the contact zone is ambient (as this ensures a suitable boil-off without the need to either
heat or cool the 
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ability to fine tune the liquid component as a function of the gas pressure can be

compromised.

t00371 ln order to ensure the throttling gas does not condense when contacted with the

cryogenic liquid, the throttling gas boiling point should be less than or equal to the

cryogenic liquid's boiling point. Consequently, if the cryogenic liquid is saturated

nitrogen, the throttling gas can comprise nitrogen but not argon, while if the cryogenic

liquid is saturated argon, the throttling gas can comprise either nitrogen or argon.

Typically, cost and availability factors favor liquid nitrogen as the cryogenic liquid and

gaseous nitrogen as the throttling gas. Also, noting that the oxygen component of air

could inadvertently condense in the contact zone and create a flammability concern, air

is typically undesired as the throttling gas. Finally, regarding the choice of fluids in the

present invention, note liquid carbon dioxide is typically unacceptable as the cryogenic

liquid because it freezes on expansion and may form ice plugs inside nozzle'

t00381 The exact relationship between the throttling gas pressure and (i) the ratio of the

discharged fluid's liquid-to-gaseous mass flow rates (hereafter, "D¡¡6"), and (ii) the total

mass flow rate of the discharged fluid (hereafter, "D¡") will depend on a number of factors

including, but no limited to, the temperature of the throttling gas as noted above, the

choice of the cryogenic liquid and gas, the size of the nozzle and contact zone, and the

configuration between the nozzle and contact zone. ln addition, since the throttling gas

can be expected to incur at least a moderate pressure drop in the supply line connecting

the pressurized supply of the throttling gas to the contact zone, this pressure drop must

also be taken into account. Accordingly, the exact relationships should be

experimentally determined for any particular system. Described below, however, are the

observed relationships based on Applicant's experimentation with saturated liquid

nitrogen as the cryogenic liquid and ambient temperature nitrogen as the throttling gas

overa range of liquid and gas pressures between 10 and 350 psig, and a range of

nozzle sizes and contact zone configurations. Note the relationship between the

throttling gas pressure and the introduction rates of the liquid and gaseous nitrogen into

the contact zone (hereafter, "F¡", ârìd "F6" respectively) are also included as these

relationships also provide insights into the present invention as further discussed below.

t00391 The relationships for one embodiment of the invention referenced above are as

follows. With respect to increases in the throttling gas pressure between a gas pressure

equal to the cryogenic liquid pressure (hereafter, the "un-throttled condition"), and a gas
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25throttling gas) and the gas pressure functions as the preferred "control lever" in the present
invention. However, in tents of regulating the boil-off contribution to the throttling effect, the
gas temperature could also function as the control iever, either by itself (i.e. such that the gas
pressure is held constant), or in combination with adjustments in gas pressure. Also, noting
that any amount of heat added to a saturated 30cryogenic liquid will cause at least some
boil-off, the temperature of the throttling gas is preferably greater than the temperature of the
cryogenic liquid. Finally, regarding the temperature, it is possible to reduce the pressure
required for any particular throttling rate by using a temperature higher than ambient, but if the
temperature is too high, the  WO 2008/027900PC111152007/0771}10 ability to fine tune the
Hole component as a function of the gas pressure can be compromised. [0037] In order to
ensure the throttling gas does not condense when contacted with the cryogenic liquid, the
throttling gas boiling point should be less than or equal to the 5cryogenic liquid's boiling point.
Consequently, if the cryogenic liquid is saturated nitrogen, the throttling gas can comprise
nitrogen but not argon, while if the cryogenic liquid is saturated argon, the throttling gas can
comprise either nitrogen or argon. Typically, cost and availability factors favor liquid nitrogen
as the cryogenic liquid and gaseous nitrogen as the throttling gas. Also, noting that the
oxygen component of air 10 could inadvertently condense in the contact zone and create a
flammability concern, air is typically undesired as the throttling gas. Finally, regarding the
choice of fluids in the present invention, note liquid carbon dioxide is typically unacceptable as
the cryogenic liquid because it freezes on expansion and may form ice plugs inside nozzle.
[0038] The exact relationship between the throttling gas pressure and (I) the ratio of the
15discharged fluid's liquid-tosgaseous mass flow rates (hereafter, "Due"), and (II) the total
mass flow rate of the discharged fluid (hereafter, "DF") will depend on a number of factors
including, but no limited to, the temperature of the throttling gas as noted above, the choice of
the cryogenic liquid and gas, the size of the nozzle and contact zone, and the configuration
between the nozzle and contact zone. In addition, since the throttling gas 20can be expected
to incur at least a moderate pressure drop in the supply line connecting the pressurized
supply of the throttling gas to the contact zone, this pressure drop must also be taken into
account. Accordingly, the exact relationships should be experimentally determined for any
particular system. Described below, however, are the observed relationships based on
Applicant's experimentation with saturated liquid 25nitrogen as the cryogenic liquid and
ambient temperature nitrogen as the throttling cos 
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pressure equal to 1.05-1.3 times the cryogenic liquid pressure gage (hereafter, the "fully

throttled condition"), such gas pressure increases resulted in:

(i) proportional decreases in Dy6 between '1.0 and nearly zero;

(ii) proportional decreases in Dr between the maximum Dr that occurs in the un-

throttled condition, and the minimum Dr that occurs in the throttled condition which is a

fraction or a small fraction of the maximum Dp;

(iii) proportional decreases in Fr- between the maximum Fr that occurs in the un-

throttled condition, and the minimum Fr that occurs in the throttled condition which is a

small fraction, e.g. 10-15o/o, of the maximum Fr-for some embodiments; and

(iv) proportional increases in Fc between the minimum Fc that occurs in the un-

throttled condition which is equal to about 0-11% of the maximum Fr, ând the maximum

Fc that occurs in the throttled condition which is equal to 10-35o/o of the maxímum Fr for

many embodiments.

t00401 ln alternative embodiments, the ratio between the gas pressure and the liquid

pressure at their respective inlets into the contact zone of the nozzle may be any value

greater than 1 or may vary between greater than 1 to 100.

t004f l As suggested above, the above relationships provide a number of insights into

the present invention as follows:

(i) The gas pressure to achieve the fully throttled condition is advantageously

modest, namely only 1.05-1.30 times the pressure of the cryogenic liquid on a gage

pressure basis. The higher gas supply pressures are even more etfective but not

necessary if the nozzle is designed within the other specifications described here, e.g.

the preferred impingement angle of the gas and liquid streams inside the nozzle

conduits. Also, pursuant to (iv) above, and noting the throttling gas pressure and

throttling gas introduction rate will always directly correspond for a specific design and

geometry, this translates into a modest throttling gas introduction rate required to

achieve the fully throttled condition, namely only about 10-35% of the cryogenic liquid

introduction rate that occurs in the un-throttled condition.

(ii) Pursuant to (iii) above, the cryogenic liquid feed rate is not zero in the fully

throttled condition as might be expected, but is instead about 10-15Yo of the flow rate of

the cryogenic liquid introduction rate that occurs in the un-throttled condition. This

means that the boil-off is contributing to the throttling effect even when the discharged
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over a range of liquid and gas pressures between 10 and 350 psig, and a range of nozzle
sizes and contact zone configurations. Note the relationship between the throttling gas
pressure and the introduction rates of the liquid and gaseous nitrogen into the contact zone
(hereafter, "FL", and "Fe" respectively) are also included as these 30relationships also provide
insights into the present invention as further discussed below. [0039] The relationships for one
embodiment of the invention referenced above are as follows. With respect to increases in the
throttling gas pressure between a gas pressure equal to the cryogenic liquid pressure
(hereafter, the "un-throttled condition"), and a gas  WO 200E0027900PCTMS2007/077010
pressure equal to 1.05-1.3 times the cryogenic liquid pressure gage (hereafter, the "fully
throttled condition"), such gas pressure increases resulted in: (1) Proportional decreases in
Dun between 1.0 and nearly zero:            (ii) proportional decreases in DF between the
maximum Dr that occurs in the un5throttled condition, and the minimum Dr that occurs in the
throttled condition which is a fraction or a small fraction of the maximum DF;          (iii)
proportional decreases in FL between the maximum FL that occurs in the unthrottled
condition, and the minimum Ft, that occurs in the throttled condition which is a small fraction,
e.g. 10-15%, of the maximum FL for some embodiments: and 10(iv) proportional increases in
FG between the minimum FG that occurs in the un- throttled condition which is equal to about
0-11% of the maximum Fu and the maximum FG that occurs in the throttled condition which is
equal to 10-35% of the maximum FL for many embodiments.    [00401 in alternative
embodiments, the ratio between the gas pressure and the liquid 15pressure at their respective
inlets into the contact zone of the nozzle may be any value greater than 1 or may vary
between greater than 1 to. 100. [0041] As suggested above, the above relationships provide a
number of ins4.hts in o the present invention as follows:          (i) The gas pressure to achieve
the fully throttled condition is advantageously modest, namely only 1.05-1.30 times the
pressure of the cryogenic liquid on a gage pressure basis. The higher gas supply pressures
are even more effective but not necessary if the nozzle is designed within the other
specifications described here, e.g. the preferred impingement angle of the gas and liquid
streams inside the nozzle conduits. Also, pursuant to (iv) above, and noting the throttling gas
pressure and 25throttling gas introduction rate will always directly correspond for a specific
design and 
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fluid contains no liquid. Also, this has the advantage of facilitating the present invention's

rapid response feature even from the fully throttled condition since the cryogenic liquid

introduction rate does not have to be turned off and re-started,

(iii) Pursuant to (iv) above, note the throttling gas feed rate can be as high as

1 1% before a departure (or at least a significant departure) from the un-throttled

condition occurs. This is related to the initial build-up of the throttling gas in the supply

line and contact zone.

[00421 Applicant's experimentation provided additional characteristics specific to the

two broad categories of the configurations between the contact zone and nozzle in the

present invention. ln the first category, hereafter the "shot gun" configuration, the

contact zone comprises a conduit which discharges the fluid head-on through a single

opening nozzle. ln the second category, hereafter the "spray tube" configuration, the

contact zone comprises a conduit that discharges the fluid in a radial direction from the

conduit through a nozzle along the longitudinal length of the wall of the conduit that

consists of either a row of openings or a slit. Several basic variations of the spray tube

configuration are disclosed herein. ln one variation, (hereafter, the "single tube"

variation), the cryogenic liquid and throttling gas are introduced into one, or typically

both, ends of the contact zone-comprising conduit. ln another variation (hereafter, the

"tube-in-tube" variation), the throttling gas is introduced into one or both ends of the

annular space defined by concentric tubes, while cryogenic liquid is introduced into the

annular space through a series of openings in the inner tube that are in radial flow

communication with the contact zone-comprising annular space. The characteristics

specific to each of these configurations are detailed in the following discussion of the

figures.

[00431 The embodiment of the present invention shown in Fig 1C is an example of the

shot-gun configuration between the contact zone and the nozzle. ln Fig 1C, the contact

zone comprises a conduit 31c (identified by the cross-hatching in Fig 1C) having a

downstream end in head-on flow communication with nozzle N, and an upstream end in

flow communication with a supply of both the cryogenic liquid supply L via first supply

line, and the throttling gas G via second supply line. The cryogenic liquid and the

throttling gas are introduced into the contact zone through their respective supply lines

and contacted to form a resulting fluid. The resulting fluid is discharged through the
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geometry, this translates into a modest throttling gas introduction rate required to achieve the
fully throttled condition, namely only about 10-35% of the cryogenic liquid introduction rate
that occurs in the un-throttled condition.          (ii) Pursuant to (iii) above, the cryogenic liquid
feed rate is not zero in the fully 30throttled condition as might be expected, but is instead
about 10-16% of the flow rate of the cryogenic liquid introduction rate that occurs in the
un-throttled condition. This means that the boil-off is contributing to the throttling effect even
when the discharged  WO 2008/027900PCPUS20071077010 fluid contains no liquid. Also,
this has the advantage of facilitating the present invention's rapid response feature even from
the fully throttled condition since the cryogenic liquid introduction rate does not have to be
turned off and re-started.         (iii) Pursuant to (iv) above, note the throttling gas feed rate can
be as high as 11% before a departure (or at least a significant departure) from the un-throttled
condition occurs. This is related to the initial build-up of the throttling gas in the supply line and
contact zone. [0042] Applicants experimentation provided additional characteristics specific to
the two broad categories of the configurations between the contact zone and nozzle in the
10present invention, in the first category, hereafter the "shot gun" configuration, the contact
zone comprises a conduit which discharges the fluid head-on through a single opening
nozzle. In the second category, hereafter the "spray tube" configuration, the contact zone
comprises a conduit that discharges the fluid in a radial direction from the conduit through a
nozzle along the longitudinal length of the wall of the conduit that consists of either a row of
openings or a slit. Several basic variations of the spray tube configuration are disclosed
herein. In one variation, (hereafter, the "single tube" variation), the cryogenic liquid and
throttling gas are introduced into one, .or typically both, ends of the contact zone-comprising
conduit. In another variation (hereafter, the "tube-in-tube" variation), the throttling gas is
introduced into one or both ends of the 20annular space defined by concentric tubes, while
cryogenic liquid is introduced into the annular space through a series of openings in the inner
tube that are in radial flow communication with the contact zone-comprising annular space.
The characteristics specific to each of these configurations are detailed in the following
discussion of the figures. 25100431 The embodiment of the present invention shown in Fig 1C
is an example of the shot-gun configuration between the contact zone and the nozzle. in Fig
1C, the contact 
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nozzle while continuing to introduce the cryogenic liquid and throttling gas into the

contact zone.

[0044] Fig 1C also embodies Applicant's observation that the ability to "fine-tune" the

discharged fluid's liquid{o-gaseous ratio in the shot gun configuration is enhanced when:

(i) from a process standpoint, the cryogenic liquid and throttling gas impinge

each other upon their introduction into the mixing at an angle y that may be any value,

for example, between 0 to 360' or from 0 to 270", or 0 to 180', but for some

embodiments is from 45' to 135' or from 45' to 90" (and preferably 90" as shown in Fig

1C). (The angle y as shown is the angle formed between the liquid conduit and the gas

conduit; that is, the angle formed between the direction of the flow of the gas and the

liquid as they are introduced into each other in the contact zone. The direction of the

flow of the liquid and gas in the nozzle is indicated by the arrows adjacent to the L and

G.); and

(iii) from an apparatus standpoint, the length x of the contact zone conduit 31c

(identified by the cross-hatching in Fig 1C) may be any value, but may be between 1.0

and 40 times the diameter d of the conduit at it narrowest point.

[0045¡ Note that the Figures show embodiments that have either the liquid or gas lines

head on with the discharge end of the nozzle. The nozzle of the invention is not limited

to the embodiments shown, and this invention provides that the liquid and gas conduits

within the nozzle can be configured so that neither is in head on flow with the discharge

end of the nozzle. For examples, the cryogenic liquid conduit and the gas conduit and

the contact zone could be arranged in the nozzle 120' from each other, or the cryogenic

liquid conduit and the gas conduit could be 90' apart and the contact zone could be

located 135" from both of those conduits. ln alternate embodiments, two or more gas

conduits could be provided into each cryogenic liquid conduit in a nozzle. lt is preferred

when two or more gas conduits are used within the nozzle that they are spaced 45' to

90'from the cryogenic liquid conduit, although any angles may be used as described

earlier.

[00461 Fig 2A is identical to Fig 1C except the orientation of the supply streams with

respect to the contact zone conduit 32a (identified by the cross-hatching in Fig 2A) is

reversed. ln this respect, Fig 2A embodies Applicant's observation that the fine tuning in

the shot gun configuration is further enhanced when the impingement angle is oriented

such that:
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zone comprises a conduit 31c (identified by the cross-hatching in Fig 1C) having a
downstream end in head-on flow communication with nozzle N, and an upstream end in flow
communication with a supply of both the cryogenic liquid supply L via first supply 30line, and
the throttling gas G via second supply line. The cryogenic liquid and the throttling gas are
Introduced into the contact zone through their respective supply lines and contacted to form a
resulting fluid. The resulting fluid is discharged through the  nozzle while continuing to
introduce the cryogenic liquid and throttling gas into the contact zone, [0044] Fig IC also
embodies Appiica.nt's observation that the ability to "fine-tune" the discharged fluid's
liquid-to-gaseous ratio in the shot gun configuration is enhanced when:         (I) from a process
standpoint, the cryogenic liquid and throttling gas impinge each other upon their introduction
into the mixing at an ancie y that may be any value, for example, between 0 to 360' or from 0
to 270, or 0 to 180, but for some embodiments is from 45 to 135 or from 45" to 90 (and
preferably 90 as shown in Fig 1C), (The angle y as shown is the angle formed between the
liquid conduit and the gas 10 conduit; that is, the angle formed between the direction of the
flow of the gas and the liquid as they are introduced into each other in the contact zone. The
direction of the flow of the liquid and gas in the nozzle is indicated by the arrows adjacent to
the L and 0.); and            (iii) from an apparatus standpoint, the length x of the contact zone
conduit 31c 15(identified by the cross-hatching in Fig 10) may be any value, but may be
between 1.0 and 40 times the diameter d of the conduit at it narrowest point. 100451 Note that
the Figures show embodiments that have either the liquid or gas lines head on with the
discharge end of the nozzle. The nozzle of the invention is not limited to the embodiments
shown, and this invention provides that the liquid and gas conduits 20within the nozzle can be
configured so that neither is in head on flow with the discharge end of the nozzle. For
examples, the cryogenic liquid conduit and the gas conduit and the contact zone could be
arranged in the nozzle 120 from each other, or the cryogenic liquid conduit and the gas
conduit could be 90 apart and the contact zone could be located 135 from both of those
conduits. tn alternate embodiments, two or more gas 25 conduits could be provided into each
cryogenic liquid conduit in a nozzle. It is preferred when two or more gas conduits are used
within the nozzle that they are spaced 451' to 90' from the cryogenic liquid conduit, although
any angles may be used as described. earlier. [0046] Fig 2A is identical to Fig 1C except the
orientation of the supply streams with 30respect to the contact zone conduit 32a (identified by
the cross-hatching in Fig 2A) is 
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(i) from a process standpoint, the throttling gas is in head-on flow

communication with the conduit's upstream end; and

(ii) from an apparatus standpoint, the conduit of the pressurized gas supply G is

in head-on flow communication with the contact zone, while the conduit of the cryogenic

liquid supply L is in 45"-135" flow communication, or 90'-135' flow communication with

the contact zone (and preferably 90" as shown in Fig 2A).

[00471 Fig 28 is identical to Fig 2A except the cryogenic liquid and throttling gas are

introduced into the contact zone conduit 32b (identified by the cross-hatching in Fig 28)

in parallel and head-on. Applicant's observed that impingement angles less than 45"

between the gas and the liquid (and especially impingement angles equalto zero such

as in Fig 28) tended to result in a narrow, on/off-like tuning range. When these nozzles

were not in either the substantially un-throttled or substantially fully throttled condition,

they tended to have a pulsating discharge from the nozzle. Therefore, nozzles

configured with smaller impingement angles (that is less than 45" between the liquid and

gas flow directions on a macro scale into the contact zone) would be useful mostly for

applications that change between the substantially un-throttled and substantially fully

throttled conditions.

[00481 Fig 2C is identical to Fig 2A except the contact zone conduit 32c (identified by

the cross-hatching in Fig 2C) and the nozzle N are modified such that the conduit's

downstream end diverges into a larger nozzle size in order to provide a more dispersed

spray.

[0049] Fig 2D is identicalto Fig 2A except the contact zone conduit 32d (identified by

the cross-hatching in Fig 2D) contains a spherical chamber at its upstream end. ln this

respect, Fig 2D embodies Applicant's observation that the fine tuning ability is also

affected by the diameter of such a chamber. ln particular, the diameter D of the chamber

is preferably between 1.0 and 6.0 times the diameter of the conduit at it narrowest point.

[0050] Fig 3 is identicalto Fig 2A except:

(i) the shot gun configuration between contact zone 33 (further identified by the

cross-hatching) and nozzle N is vertically oriented;

(ii) the contact zone, the gas supply line G1, and the cryogenic liquid supply line

L1 all comprise % inch diameter carbon-fluorine polymer tubing (which retains a degree
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reversed. In this respect, Fig 2A embodies Applicant's observation that the fine tuning in the
shot gun configuration is further enhanced when the impingement angle is oriented such that:
(i) from a process standpoint, the throttling gas is in head-on flow communication with the
conduits upstream end; and               m an apparatus standpoint, the conduit of the
pressurized gas supply G is in head-on flow communication with the contact zone, while the
conduit of the cryogenic zliquid supply L is in 45%135 flow communication, or 90-135" flow
communication with the contact zone (and preferably 90 as shown in Flo 2A). [0047] Fig 23 is
identical to Fig 2A except the cryogenic liquid and throttling gas are introduced into the
contact zone conduit 32b (identified by the cross-hatching in Fin 23) in parallel and head-on.
Applicants observed that impingement angles less than 45' 10between the gas and the liquid
(and especially impingement angles equal to zero such as in Fig 23) tended to result in a
narrow, on/off-like tuning range. When these nozzles were not in either the substantially
un-throttled or substantially fully throttled condition, they tended to have a pulsating discharge
from the nozzle. Therefore, nozzles configured with smaller impingement angles (that is less
than 45 between the liquid and  15 gas flow directions on a macro scale into the contact zone)
would be useful mostly for applications that change between the substantially un-Throttled
and substantially fully throttled conditions. [0048] Fig 20 is identical to Fig 2A except the
contact zone conduit 32c (identified by the cross-hatching in Fig 2C) and the nozzle N are
modified such that the conduits 20downstream end diverges into a larger nozzle size in order
to provide a more dispersed spray. [0049] Fig 2D is identical to Fig 2A except the contact
zone conduit 32d (identified by the cross-hatching in Fig 2D) contains a spherical chamber at
its upstream end. In this respect Fig 2D embodies Applicant's observation that the fine tuning
ability is also 25affected by the diameter of such a chamber. In particular, the diameter D of
the chamber is preferably between 1.0 and 6.0 times the diameter of the conduit at it
narrowest point [0050] Fig 3 is identical to Fig 2A except: 
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of flexibility even when cooled to cryogenic temperatures) and are shielded from

mechanical damage by a % inch diameter flexible stainless steel hose H1; and

(iii) a soft foamy plug SP is used at the entry point to the stainless steel hose to

prevent accumulation of condensed water inside the hose. Alternate materials known to

a person of skill in the art can be used.

[0051] The fluid passages shown in Figs 1C,2A-2D and 3 are the constrictions within

the nozzle and those figures do not show the supply lines to the nozzle.

[0052] Fig 4 shows an industrial cryogenic cooling and cleaning system comprising five

respective cooling lines H1 through H5 which are identical to the apparatus in Fig 3. The

system comprises a cold box B1 housing the cryogenic components, and an ambient

temperature box 82 housing the throttling gas components. The inlet cryogenic liquid Li

enters the cold box via main liquid valve LvM and a conventional vapor venting valve Va

which gravitationally separates and vents the vapor from the incoming stream. Pressure

relief valve PRv is added at the inlet side for safety. The bottom-pouring outlet Vb of the

vapor vent is connected to the five cooling lines H1 through H5 via respective

intermediate supply lines L1 through L5 and respective solenoid valves Lv'1 through LvS.

Typically, the cooling lines H1 through H5 are each from ten to twenty five feet long so

that the operators can easily move the lines to the point of use as may be required.

Since the polymer tubing in the cooling lines will shrink much more than the surrounding

stainless steel hose, the tubing between the cooling lines and the solenoid valves is

extended by an additional 3 inches in order to prevent tensile stresses that would

otherwise build on the tubing after cool-down. Other solutions could also be used to

prevent excessive tensile stresses on the tubing such as a spring-loaded, contracting,

bellows-type, stainless steel hose. The inlet gas Gi enters the ambient temperature box

P.2via main valve GvM. Here, the gas stream is divided into respective branched

streams G1 through G6. Stream G6 leads to a manually adjustable bleed valve Gv6

which discharges a minute quantity of gas into the cold box via port p6 in order to inert

that box and prevent internal moisture condensation. Each of respective streams G1

through G5 is directed to a respective pair of solenoid valves Gvla/Gv1b through

GvSa/Gv5b.

[00531 The function of the respective first solenoid valve Gvl a through GvSa in each

pair is to open or close the flow of gas needed in the fully throttled condition. The

function of the respective second valve Gvlb through GvSb in each pair is to open or
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(i) the shot gun configuration between contact zone 33 (further identified by the
cross-hatching) and nozzle N is vertically oriented; 30(ii) the contact zone, the gas supply line
G1, and the cryogenic liquid supply line L1 all comprise Vti inch diameter carbon-fluorine
polymer tubing (which retains a degree  of flexibility even when cooled to cryogenic
temperatures) and are shielded from mechanical damage by a 3/4 inch diameter flexible
stainless steel hose Ht and         (iii) a soft foamy plug SP is used at the entry point to the
stainless steel hose to prevent accumulation of condensed water inside the hose. Alternate
materials known to a person of skill in the art can be used. [0051] The fluid passages shown
in Figs 1C, 2A-20 and 3 are the constrictions within the nozzle and those figures do not show
the supply lines to the nozzle. [0052] Fig 4 shows an industrial cryogenic cooling and cleaning
system comprising five respective cooling lines H1 through H5 which are identical to the
apparatus in Fig 3. The 10system comprises a cold box B1 housing the cryogenic
components, and an ambient temperature box B2 housing the throttling gas components. The
inlet cryogenic liquid enters the cold box via main liquid valve LvM and a conventional vapor
venting valve Va which gravitationally separates and vents the vapor from the incoming
stream, Pressure relief valve PRv is added at the inlet side for safety. The bottom-pouring
outlet Vb of the 15vapor vent is connected to the five cooling lines H1 through H5 via
respective intermediate supply lines L1 through L5 and respective solenoid valves Lv1
through Lv5. Typically, the cooling lines 91 through H5 are each from ten to twenty five feet
long so that the operators can easily move the lines to the point of use as may be required.
Since the polymer tubing in the cooling lines will shrink much more than the surrounding
20stainless steel hose, the tubing between the cooling lines and the solenoid valves is
extended by an additional 3 inches in order to prevent tensile stresses that would otherwise
build on the tubing after cool-down. Other solutions could also be used to prevent excessive
tensile stresses on the tubing such as a spring-loaded, contracting, bellows-type, stainless
steel hose. The inlet gas Gi enters the ambient temperature box 2582 via main valve GvM.
Here, the gas stream is divided into respective branched 
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close the flow of gas to the respective manually adjusted valves Gvl c through Gv5c.

The opening of the manually adjusted valve is adjusted by the operators beforehand in

order to select the throttling gas flow rate that corresponds to the desired ratio of the

discharged fluid's liquid-to-gaseous ratio. This desired ratio reflects the normal cooling

flow rate which can be rapidly reduced to zero, and then quickly re-started by opening or

closing the respective Gvl a through GvSa valve. lf all five branches are not needed in a

given cooling and blasting operation, both the corresponding gas and liquid valves stay

closed. An electric, programmable controller PLC is housed in the ambient temperature

box to control the desired valve opening and closing sequence and is connected to the

valves, a control panel and, optionally, to remote temperature and/or cleaning sensors.

Downstream of the gas controlling valves, the gas lines fluidly communicate with the

respective cooling lines H1 through H5 via respective ports p1 through p5.

[0054] The embodiment shown in Fig 4 was evaluated using stainless steel nozzles

having a 0.1 inch diameter and a 1.0 inch long contact zone. Saturated liquid nitrogen Li

was supplied to cold box 81 at B0 psig via main liquid valve LvM, while room

temperature nitrogen Gi was supplied to the ambient temperature box 82 at 100 psig via

main gas valve GvM. Both these valves were subsequently opened to take the system

into a standby mode and pre-coolthe cryogenic components housed in cold box 81 prior

to operation. ln the next step, respective valves Lv1 through LvS were opened to

measure the maximum flow rate of the liquid nitrogen through the respective cooling

lines H1 through H5. A uniform liquid spray was established after less than 30 seconds,

even though the line start-up temperature was ambient. The fluid discharge rate was

2.75 lbs/minute and comprised a 4-inch long, fìne droplet spray, followed with a 6-inch

long, fast and white tail of cryogenic temperature vapor. Next, respective valves Gvla

through GvSa were opened to the fully throttled condition to find the gas flow rate

required to convert the spray discharge into ambient temperature nitrogen. For this

embodiment, the full-throttling nitrogen gas mass flow rate measured was 1.0 lb/minute

per nozzle. Additionally for this embodiment, the liquid nitrogen inlet rate in the fully

throttled nozzle condition was 0.3 lbs/minute per nozzle. Next, respective valves Gvl a

through GvSa were closed which resulted in the restoration of a visible liquid nitrogen

spray within a couple of seconds. Next, the respective valves Gvl b through Gv5b were

opened and the respective valves Gvlc through GvSc were adjusted to obtain larger or

smaller gas flow rates into the respective cooling lines H1 through H5. The manipulation

of the gas flow rate using respective valves Gvl c through GvSc resulted in the expected
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streams 31 through GB. Stream G6 leads to a manually adjustable bleed valve Gv6 which
discharges a minute quantity of gas into the cold box via port p6 in order to inert that box and
prevent internal moisture condensation. Each of respective streams G1 through G5 is directed
to a respective pair of solenoid valves Gv1a/Gvlb through 30Gv5a/Gv5b. [0053] The function
of the respective first solenoid valve Gvl a through Gv5a in each pair is to open or close the
flow of gas needed in the luny throttled condition. The function of the respective second valve
Gv1b through Gv5b in each pair is to open or  WO 2008/027900PC1713.520071077010 close
the flow of gas to the respective manually adjusted valves Ovic through Gy5c. The opening of
the manually adjusted valve is adjusted by the operators beforehand in order to select the
throttling gas flow rate that corresponds to the desired ratio of the discharged fluid's
liquid-to-gaseous ratio. This desired ratio reflects the normal cooling flow rate which can be
rapidly reduced to zero, and then quickly re-started by opening or closing the respective GO a
through Gy5a valve. If all five branches are not needed in a given cooling and blasting
operation, both the corresponding gas and liquid valves stay closed, An electric,
programmable controller PLC is housed in the ambient temperature box to control the desired
valve opening and closing sequence and is connected to the 10valves, a control panel and,
optionally, to remote temperature and/or cleaning sensors. Downstream of the gas controlling
valves, the gas lines fluidly communicate with the respective cooling lines H1 through H5 via
respective ports p1 through p5. [0054] The embodiment shown in Fig 4 was evaluated using
stainless steel nozzles having a 0.1 inch diameter and a 1.0 inch long contact zone. Saturated
liquid nitrogen Li 15was supplied to cold box B1 at 80 psig via main liquid valve LvM, while
room temperature nitrogen Gi was supplied to the ambient temperature box B2 at 100 psig via
main gas valve GyM. Both these valves were subsequently opened to take the system into a
standby mode and pre-cool the cryogenic components housed in cold box B1 prior to
operation. In the next step, respective valves Ly1 through Lv5 were opened to 20measure the
maximum flow rate of the liquid nitrogen through the respective cooling lines H1 through H5. A
uniform liquid spray was established after less than 30 seconds, even though the line start-up
temperature was ambient, The fluid discharge rate was 2.75 !Os/minute and comprised a
4-inch long, fine droplet spray, followed with a 6-inch long, fast and white tail of cryogenic
temperature vapor. Next, respective valves Ov1a 25through Gv5a were opened to the fully
throttled condition to find the gas flow rate required to convert the spray discharge into
ambient temperature nitrogen. For this embodiment, the full-throttling nitrogen gas mass flow
rate measured was 1.0 lb/minute per nozzle. Additionally for this embodiment, the liquid
nitrogen inlet rate in the fully throttled nozzle condition was 0.3 lbs/minute per nozzle, Next,
respective valves Gv1a 30through Gy5a were closed which resulted in the restoration of a
visible liquid nitrogen 
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partial throttling of the liquid component of the spray discharge with the consequence of

warming-up the discharge and a rapid transition between the cooling and gas-blasting

functionalities.

f00551 After a substrate part has been processed by the nozzle's cooling functionality,

the gas-blasting functionality can be used to increase the part's temperature to room

temperature to avoid condensation of ambient moisture thereon. Although this

evaluation uses the cooling lines identically controlled by the controller PLC based on the

thermal input from external temperature sensors, the system may comprise any number

of differently sized cooling lines from one to as many as practical, e.g. twenty. Also,

each cooling line may be controlled by the PLC independently from the other cooling

lines and use its own thermal input.

[00561 The embodiment shown in Fig 5 is an example of the single spray tube

configuration in the present invention wherein:

(i) the contact zone comprises a conduit 35 having a first feed end 35a and an

opposing feed end 35b;

(ii) the nozzle comprises either a row of openings (as shown in Fig 5) or a slit

along the longitudinal length of the wall of the conduit;

(iii) as supplied by a supply line in flow communication with a cryogenic liquid

supply, the cryogenic liquid Lr is introduced into the conduit through at least one of the

conduit's feed ends (and typically both feed ends as shown by L2 in Fig 5);

(iv) as supplied by a supply line in flow communication with a pressurized gas

supply, the throttling gas G1 is also introduced into the conduit through at least one of the

conduit's feed ends (and typically both ends as shown by G2 in Fig 5); and

(v) the fluid is discharged through the nozzle in a radial direction from the

conduit as represented by spray profile 85 in Fig 5.

[0057] Fig 5 embodies Applicants' observation that the ability to fine-tune the

discharged fluid's liquid-to-gaseous ratio, and therefore its liquid flow rate, in the single

tube configuration is enhanced when:

(i) from a process standpoint, the cryogenic liquid and throttling gas impinge

each other at 45"-135'or 45o-90' (and preferably 90" as shown in Fig 5) upon their
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spray within a couple of seconds, Next, the respective valves Gv1b through Gy5b were
opened and the respective valves Civic through Gy5c were adjusted to obtain larger or
smaller gas flow rates into the respective cooling lines H1 through H5. The manipulation of the
gas flow rate using respective valves Gv1c through Gv5c resulted in the expected  WO
2005/027900PCTIUS2007/077010 partial throttling of the liquid component of the spray
discharge with the consequence of warming-up the discharge and a rapid transition between
the cooling and gas-blasting function a Ilti as [0055] After a substrate part has been processed
by the nozzle's cooling functionality, $the gas-blasting functionality can be used to increase
the part's temperature to room temperature to avoid condensation of ambient moisture
thereon. Although this evaluation uses the cooling lines identically controlled by the controller
PLC based on the thermal input from external temperature sensors, the system may comprise
any number of differently sized coding tines from one to as many as practical, eg. hventy,
Also, 10each cooling line may be controlled by the PLC independently from the other cooling
lines and use its own thermal input. [0056] The embodiment shown in Fig 6 is an example of
the single spray tube configuration in the present invention wherein:               (i) the contact
zone comprises a conduit 35 having a first feed end 35a and an 15opposing feed end 35b;
(ii) the nozzle comprises either a row of openings (as shown in Fig 5) or a slit along the
longitudinal length of the wall of the conduit:             (iii) as supplied by a supply The in flow
communication with a cryogenic liquid supply, the cryogenic liquid L1 is introduced into the
conduit through at least one of the 20conduit's feed ends (and typically both feed ends as
shown by L2 in Fig 5);          (iv) as supplied by a supply line in flow communication with a
pressurized gas supply, the throttling gas Gi is also introduced into the conduit through at
least one of the conduit's feed ends (and typically both ends as shown by G2 in Fig 5); and
(v) the fluid is discharged through the nozzle in a radial direction from the 
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introduction into the contact zone, and the throttling gas is in head-on flow

communication with the feed end(s) of the conduit;

(ii) from an apparatus standpoint, the supply line connecting the contact zone to

the pressurized gas supply is in head-on flow communicat¡on with the feed end(s) of the

contact zone, while the supply line connecting the upstream end of the contact zone to

the cryogenic liquid supply is in 45'-135" or 90"-135'flow communication with the feed

end(s) of the contact zone (and preferably 90' as shown in Fig 5), (The angle between

the flow of the gas and the liquid into the contact zone is shown as 90' and may be

between 45" and 90" or other values as described previously.) and

(iii) also from an apparatus standpoint, the ratio of the conduit's length to its

diameter may be between 4 and 20 (noting at ratios larger than 20, the conduit may

become too long for a sufficient degree of impingement contact to occur in the middle

area of the conduit).

[00581 The embodiment of the present invention shown in Figs 6A is an example of the

tube-in-tube variation of the spray tube configuration wherein:

(i) the contact zone comprises an annular space 36 defined by an outer conduit

20 concentrically surrounding an inner conduit 10a;

(ii) the annular space has a first feed end and a second (an opposing) feed end;

(iii) the inner conduit has a first inlet end and a second (an opposing) inlet end

which are adjacent to, respectively, the first feed end and the opposing feed end of the

annular space,

(iv) the inner conduit contains a plurality of openings 40 in its wall for uniformly

dispersing the cryogenic liquid into the annular space as represented by streams 50 in

Fig 6A (as shown the flow of the liquid into the gas is 90o to the direction of the flow of

the gas on a macro scale as indicated by the arrows labeling streams 50 and the arrows

labeling the flow direction for Gr and Gz);

(v) the nozzle comprises a row of openings 60 as shown in Fig 6A (or optionally

a slit) along the longitudinal length of the wall of the outer conduit and is selected from

the group consisting of a row of openings and a slit; and
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25conduit as represented by spray profile 65 in Fig 5, 100571 Fig 5 embodies Applicants'
observation that the ability to fine-tune the discharged fiuld's liquidto-gaseous ratio, and
therefore its liquid flow rate, in the single tube configuration is enhanced when:               (i)
from a process standpoint, the cryogenic liquid and throttling gee impinge 30each other at
45*-1351' or 45-90" (and preferably 900 as shown in Fig 5) upon their  WO
2008/027900PCT/ITS2007/0770 10 introduction into the contact zone, and the throttling gas is
in head-on flow communication with the feed end(s) of the conduit;         00 from an apparatus
standpoint, the supply line connecting the contact zone to the pressurized gas supply is in
head-on flow communication with the feed end(s) of the 5contact zone, while the supply line
connecting the upstream end of the contact zone to the cryogenic liquid supply is in 45'-135"
or 90"-135" flow communication with the feed end(s) of the contact zone (and preferably 90'
as shown in Fig 5), (The angle between the flow of the gas and the liquid into the contact zone
is shown as 90' and may be between 45' and 90' or other values as described previously.) and
10(iii) also from an apparatus standpoint, the ratio of the conduit's length to its diameter may
be between 4 and 20 (noting at ratios larger than 20, the conduit may become too long for a
sufficient degree of impingement contact to occur in the middle area of the conduit).      [00581
The embodiment of the present invention shown in Figs 6A is an example of 15tube-in-tube
variation of the spray tube configuration wherein;          (i) the contact zone comprises an
annular space 36 defined by an outer conduit 20 concentrically surrounding an inner conduit
10a;          (ii) the annular space has a first feed end and a second (an opposing) feed end;
(iii) the inner conduit has a first inlet end and a second (an opposing) inlet end 20which are
adjacent to, respectively, the first feed end and the opposing feed end of the 
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(vi) as supplied by a supply line in flow communication with a pressurized gas

supply, the throttling gas G1 is introduced into the annular space through at least one of

the feed ends of the annular space (and typically both ends as shown by Gz in Fig 6A);

(vii) as supplied by a supply line in flow communication with a cryogenic liquid

supply, the cryogenic liquid L1 is introduced into the inner conduit through at least one of

the inlet ends of the inner conduit (and sometimes both ends as shown by Lz in Fig 6A);

(viii) the cryogenic liquid is dispersed into the annular space through the plurality

of openings contained in the wall of the inner conduit in a radial direction from the inner

conduit; and

(ix) the fluid 70 is discharged through the nozzle in a radial direction from the

outer conduit as represented by spray profile B6a in Fig 6A.

[00591 The tube-in-tube variation of the spray tube embodiment embodies Applicant's

observation that the fine tuning ability of the spray tube embodiment is increased by

effecting the impingement contact between the liquid and the gas along the length of the

annular space (or at least along the length in which the gas is able to maintain it's

velocity). This also enables an increase in the contact zone's length to diameter ratio

from the 4-20 range of the single tube variation to a range of 4-80. For different

embodiments, the range of the minimum diameter and length of the contact zone is

between 1 and B0 times the minimum diameter.

[00601 The inner and outer conduits in the tube-in tube variation of the spray tube

configuration can be made of stainless steel, aluminum, copper, or cryogenically

compatible polymers such fiber-reinforced epoxy composites, ultra-high molecular weight

polyethylene, and the like. The typical diameter of the inner conduit may vary between 1

mm and 25 mm while the typical diameter of the outer conduit may vary between 3 mm

and 75 mm. The typical ratio between the outer conduit diameter to the inner conduit

diameter may vary between 2 and B. As noted above, the typical length{o-diameter ratio

with respect to the outer conduit may vary between 4 and 80. The wall thickness of the

inner conduit depends on the material of construction selected and may be as small as

practical during device fabrication but sufficient to hold the pressure of the fluid filling this

conduit. Typical wall thickness preferably ranges may range between 1o/o -10o/o of lhe

inner conduit diameter. There is no need for any special orientation of the plurality of

openings in the inner conduit as long as their distribution inside the annular space is

relatively uniform.
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annular space,          (iv) the inner conduit contains a plurality of openings 40 in its wall for
uniformly dispersing the cryogenic liquid into the annular space as represented by streams 50
in Fig 6/1 (as shown the flow of the liquid into the gas is 900 to the direction of the flow of
25the gas on a macro scale as indicated by the arrows labeling streams 50 and the arrows
labeling the flow direction for GI and 02):          (v) the nozzle comprises a row of openings 60
as shown in Fig 6A (or opticnafly a slit) along the longitudinal length of the wall of the cuter
conduit and is selected from the group consisting of a row of openings and a slit; and  WO
2005/027900PCTIUS2007/1177010          (vi) as supplied by a supply line in flow
communication with a pressurized gas supply, the throttling gas Gi is introduced into the
annular space through at least one of the feed ends of the annular space (and typicaliy both
ends as shown by G2 in Fig 6A);          (vii) as supplied by a supply line in flow communication
with a cryogenic liquid supply, the cryogenic liquid L1 is introduced Into the Inner conduit
rhic.ban at least one of the inlet ends of the inner conduit (and sometimes both ends as
shown by L2 in Fig 6A);          (viii) the cryogenic liquid is dispersed Into the annular space
through the plurality of openings contained in the wall of the inner conduit in a radial direction
from the inner conduit; and 10(ix) the fluid 70 is discharged through the nozzle in a radial
direction from the outer conduit as represented by spray profile 86a in Fig 6k [0059] The
tube-in-tube variation of the spray tube embodiment embodies Applicants observation that the
fine tuning ability of the spray tube embodiment is increased by effecting the impingement
contact between the liquid and the gas along the length of the 15annular space (or at least
along the length in which the gas is able to maintain it's velocity). This also enables an
increase in the contact zone's length lo diameter ratio from the 4-20 range of the single tube
variation to a range of 4-80. For different embodiments, the range of the minimum diameter
and length of the contact zone is between 1 and 80 times the minimum diameter. 20[0060]
The inner and outer conduits in the tube-in tube variation of the spray tube 
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[0061] The nozzle openings in the outer conduit are preferably aligned in one specific

direction in order to be able to discharge fluid in that direction. The wall thickness of the

outer conduit is preferably selectà to provide a sufficiently long expansion channelfor

the fluid exiting the nozzle openings. Such a sufficiently long channel depends on

various operating parameters, but it is typically selected by comparing its length, i.e. the

outer wall thickness, to its diameter or bore. The typical length-to-diameter ratio of the

nozzle openings varies between 3 and 25. ln the embodiments in Figs 6a to 61, the

typical bore of the nozzle openings is between 0.4 and 2.0 mm. Consequently, once the

fabrication and pressure requirements are satisfied, the outer conduit wall should be

further selected to be at least 1.4 mm and often exceeding 40 mm. Finally, the ratio of

the total cross-sectional area of the nozzle openings in the outer conduit wall to the total

cross-sectional area of the openings in the inner conduit wall is typically 1.0, although an

expanded ratio range between 0.5 and 2.0 is workable.

[0062¡ The embodiment shown in Fig 6A was assembled using the following

components and specifications.

(i) The inner conduit made of stainless steel and having the inner diameter of

0.335 inches, an outer diameter of 0.375 inches, and length of 35.5 inches' and

containing 94 holes, each having an inner diameter of 0.03 inches.

(ii) The outer tube was made of a fiber-reinforced, cryGcompatible epoxy having

an inner diameter equal to 0.745 inches, an outer diameter equal to 1.1 inches and a

length equal to 34.5 inches, and containing B3 nozzle-openings along a straight line,

each having an inner diameter equal to 0.035 inches and spaced from another using a

0.35 inch step.

(iii) The ratio between the outer tube outer diameter and the inner tube outer

diameter was 2.9, The length-to-diameter ratio of the outer tube was 31.4. The wall

thickness of the inner tube was 5% of its outer diameter. The outer tube wall thickness

was 4.5 mm, and the length-to-diameter ratio of each nozzle-opening was 5. The ratio of

the total cross-sectional surface area of the nozzle openings in the outer conduit to the

total cross-sectional surface area of the openings in the inner conduit was 1.2.

[00631 As will be described in greater detail herein, the tube-in-tube variation of the

spray tube provides that ability to adjust the "spray profile" of the spray tube. The spray

profile is defined by the collective liquid component discharges from each of the nozzle

openings. ln Figs. 6A through 61, the relative cryogenic liquid flow rate at each nozzle
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configuration can be made of stainless steel, aluminum, copper, or cryogenically compatible
polymers such fiber-reinforced epoxy composites, ultra-high molecular weight polyethylene,
and the like. The typical diameter of the Inner conduit may vary between 1 mm and 25 mm
while the typical diameter of the outer conduit may vary between 3 mm 25and 75 mm. The
typical ratio between the outer conduit diameter to the inner conduit diameter may vary
between 2 and 8. As noted above, the typical length-to-diameter ratio with respect to the outer
conduit may vary between 4 and 80. The wall thickness of the inner conduit depends on the
material of construction selected and may be as small as practical during device fabrication
but sufficient to hold the pressure of the fluid filling this 30 conduit. Typical wall thickness
preferably ranges may range between 1% -10% of the inner conduit diameter, There is no
need for any special orientation of the plurality of openings in the inner conduit as long as their
distribution inside the annular space is relativeiy uniform.  WO
20481027900PCTIUS2007/077010 [0061] The nozzle openings in the outer conduit are
preferably aligned in one specific direction in order to be able to discharge fluid in that
direction. The wall thickness of the outer conduit is preferably selectelito provide a sufficiently
long expansion channel for the fluid exiting the nozzle openings. Such a sufficiently long
channel depends on 5various operating parameters, but it is typically selected by comparing
its length, i.e. the outer wall thickness, to its diameter or bore. The typical length-to-diameter
ratio of the nozzle openings varies between 3 and 25. In the embodiments in Figs 6a to $1,
the typical bore of the nozzle openings Is between 0.4 and 2.0 mm, Consequently, once the
fabrication and pressure requirements are satisfied, the outer conduit wail should be  10
further selected to be at ieast 1.4 mm and often exceeding 40 mm. Finally, the ratio of the
total cross-sectional area of the nozzle openings in the outer conduit wall to the total
cross-sectional area of the openings in the inner conduit wall is typically 1.0, although an
expanded ratio range between 0.5 and 2.0 is workable. [0062] The embodiment shown in Fig
6A was assembled using the allowing components and specifications,          (i) The inner
conduit made of stainless steel and having the inner diameter of 0.335 inches, an outer
diameter of 0,375 inches. and length of 35.5 inches; and containing 94 holes, each having an
inner diameter of 0.03 inches,          (ii) The outer tube was made of a fiber-reinforced,
cryo-cornpatibie epoxy having 20an inner diameter equal to 0.745 inches, an outer diameter
equal to 1.1 inches and a length equal to 34.5 inches, and containing 83 nozzle-openings
along a straight line, each having an inner diameter equal to 0.035 inches and spaced from
another using a 0.35 inch step. (H1) The ratio between the outer tube outer diameter and the
inner tube outer 
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opening is represented by lines of varying length. A longer line signifies a greater flow

rate and vice versa. ln the tube-in-tube spray tube variation, the spray profile can be

manipulated as a function of:

(a) the throttling gas pressure;

(b) which annular space end(s) the throttling gas is introduced; and

(c) where the throttling gas is introduced into both ends of the annular

space, a variance in the pressure of the throttling gas introduced into each end.

The relationship between the spray profile and the above variables is explained in more

detail in connection with Figs 6A to 61.

[00641 ln Fig 64, the pressure of the throttling gas introduced into both ends of the

annular space is equal to the pressure of the cryogenic liquid introduced into both ends

of the inner conduit (i.e. the un-throttled condition) and the resulting spray profile 86a is

'Tlat" as shown in Fig 64.

t00651 Fig 68 is identical to Fig 6A except the pressure of the throttling gas is slightly

greater than the pressure of the cryogenic liquid. As a result, the spray profile 86b is

"squeezed" into a parabolic shape as shown in Fig 68. This suggests that most of the

boil-off is being generated at the ends of the annular space and "pushing" the remaining

liquid toward the center of the tubes. As a result, the discharge from the nozzle

openings located near the ends of the annular space is compose mostly of gas, and

therefore, has a relatively low liquid flow rate. The discharge through the nozzle

openings near the center of the spray tube contains a larger liquid fraction, and

therefore, a higher liquid flow rate.

t00661 Fig 6C is identical to Fig 68 except the gas pressure is further increased,

thereby further squeezing the spray profile 86c. As the gas pressure is further increased

to the fully throttling condition, the spray discharge is completely gaseous and at room

temperature.

[0067] Fig 6D is identícal to Fig 6A except the cryogenic liquid is only introduced into

one end of the inner conduit which, as shown by spray profile B6d, is sufficient to assure

the same symmetrical and uniform spray profile as in Fig 64.

[006S1 Fig 6E is identical to Fig ôA except inner conduit 10e is modified such that the

opening are fewer and all clustered around the center of the tube. This resulted in less
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25diameter was 2.9. The length-to-diarneter ratio of the outer tube was 31.4. The wall
thickness of the inner tube was 5% of its outer diameter. The outer tube wall thickness was
4.5 mm, and the length-to-diameter ratio of each nozzle-opening was 5. The ratio of the total
cross-sectional surface area of the nozzle openings in the outer conduit to the total
cross-sectional surface area of the openings in the inner conduit was 1.2. 30(0063] As will be
described in greater detail herein, the tube-in-tube variation of the spray tube provides that
ability to adjust the "spray profile" of the spray tube. The spray profile is defined by the
collective liquid component discharges from each of the nozzle openings. in Figs. 6A. through
61, the relative cryogenic liquid flow rate at each nozzle  opening is represented by lines of
varying length. A longer line signifies a greater flow rate and vice versa. In the tube-in-tube
rrpray tube variation, the spray profile can be manipulated as a function of: (a) the throttling
gas pressure; 5(b) which annular space end(s) the throttling gas is introduced; and
(c) where the throttling gas is introduced into both ends of the annular space, a variance in the
pressure of the throttiing gas introduced into each end. The relationship between the spray
profile and the above variables is explained in more detail in connection with Figs 6A to 81.
10[0064] In Fig 6A, the pressure of the throttling gas introduced into both ends of the annular
space is equal to the pressure of the cryogenic liquid introduced into both ends of the inner
conduit (he, the un-throttled condition) and the resulting spray profile 86a is "flat" as shown in
Fig GA. [0065] Fig 68 is identical to Hg 6A except the pressure of the throttiing gas is siightly
greater than the pressure of the cryogenic liquid. As a result, the spray profile 86b is
"squeezed" into a parabolic shape as shown in Fig 6B. This suggests that most of the boil-off
is being generated at the ends of the annular space and 'pushing" the remaining liquid toward
the center of the tubes. As a result, the discharge from the nozzle openings located near the
ends of the annular space is compose mostly of gas, and 20 therefore, has a relatively low
liquid flow rate, The discharge through the nozzle openings near the center of the spray tube
contains a larger liquid fraction, and therefore, a higher liquid flow rate. [0066] Fig 60 is
identical to Fig 6B except the gas pressure is further increased, thereby further squeezing the
spray profile 86c. As the gas pressure is further increased 25to the fully throttling condition,
the spray discharge is completeiy gaseous and at room temperature. [0067] Fig 6D is identical
to Fig 6A except the cryogenic liquid is only introduced into one end of the inner conduit
which, as shown by spray profile 86d, is sufficient to assure the same symmetrical and
uniform spray profile as in Fig GA. 
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controllability of the liquid component of the discharge as compared to Fig 6A although a

similar spray profile 86e was achieved.

t00691 Fig 6F is identical to Fig 6A except the nozzle consists of a single slit 60f in the

outer conduit which, as shown by spray profile B6f, did not affect the spray profile.

100701 Figs 6G, 6H and 6l show the etfect on the spray profile when the pressure of the

throttling gas introduced into each end is varied. As shown ln Figs 6G and 6H, the effect

of introducing the throttling gas at only one end of the annular space resulted in shifting

the respective spray discharge 869 and 86h to the opposite end. ln Fig 61, the throttling

gas pressure for G2 introduced on the right side is higher than the throttling gas pressure

for G1 introduced on the right side and the resulting spray discharge B6i is pushed to the

lower pressure side.

t00711 Figs 6G, 6H and 6l embody the feature of the spray tube embodiment whereby

a desired spray profile can be achieved by providing the gas at the gas inlets G1 and G2

a the respective pressures that will produce the desired spray profile. Similarly, other

desired spray profiles can be achieved by simply adjusting the gas pressure at the gas

inlets G1 and G2. lt should be noted, however, that the pressures at G1 and G2

necessary to achieve a specific spray profile may change due to changes in the

operating environment of the spray tube, such as temperature.

lOOT2l Fig. 7 shows one embodiment of a spray system 200 which could incorporate

any of the spray tube embodiments disclosed herein. The system comprises a spray bar

210, a pressurized tank 218 containing a cryogenic liquid (LlN in this embodiment), a

pressurized lank220 containing the throttling gas (gaseous nitrogen at ambient

temperature in this embodiment), a vaporizer 222, a programmable logic controller

("PLC') 207, a temperature sensor 203. The spray bar is a spray tube of any

configuration disclosed herein which is partially enclosed in a solid or semi-porous

casing or box structure. The casing or box structure is opened only in the direction that

the cryogenic fluid is jetted from the nozzles and is purged from the inside of the casing

or box structure with a dry, room temperature gas in order to prevent nozzle icing. The

purge gas may be the same as the throttling gas and sourced from the same tank, but

the purge gas flowrate is typically constant throughout the entire cooling operation and

unrelated to the liquid or gaseous flows through the spraying tube'

t00731 ln this embodiment, the spray bar 210 includes one cryogenic liquid inlet212

and two throttling gas inlets 214,216. A cryogenic liquid supply line 224 supplies LIN

21 -
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30[0068] Fig 6E is identical to Fig 6A except inner conduit 10e is modified such that the
opening are fewer and all clustered around the center of the tube. This resulted in less  WO
2008/027900PCT/US20071077010 controllability of the liquid component of the ischer e as
compared to Fig 6A although a similar spray profile 86e was achieved. [0069] Fig 6F is
identical to Fig 6A except the nozzle consists of a single slit 60f in the outer conduit which, as
shown by spray profile 66f, did not affect the spray profile. 5[0070] Figs 60, 6H and 61 show
the effect on the spray profile when the pressure of the throttling gas Introduced into each end
is varied. As shown In Figs 6G and 6H, the effect of introducing the throttling gas at only one
end of the annular space resulted in shifting the respective spray discharge 86g and 86h to
the opposite end. In Fig 61, the throttling gas pressure for 02 introduced on the right side is
higher than the throttling gas pressure 10for 01 introduced on the right side and the resulting
spray discharge 86i is pushed to the lower pressure side. [0071] Figs 63, 6H and 61 embody
the feature of the spray tube embodiment whereby a desired spray profile can be achieved by
providing the gas at the gas inlets 01 and 02 a the respective pressures that will produce the
desired spray profile. Similarly, other 15desired spray profiles can be achieved by simply
adjusting the gas pressure at the gas inlets 61 and G2. It should be noted, however, that the
pressures at G1 and 02 necessary to achieve a specific spray profile may change due to
changes in the operating environment of the spray tube, such as temperature. [0072] Fig. 7
shows one embodiment of a spray system 200 which could incorporate 20any of the spray
tube embodiments disclosed herein. The system comprises a spray bar 210, a pressurized
tank 218 containing a cryogenic liquid (LIN in this embodiment), a pressurized tank 220
containing the throttling gas (gaseous nitrogen at ambient temperature in this embodiment), a
vaporizer 222, a programmable logic controller ("PLC") 207, a temperature sensor 203. The
spray bar is a spray tube of any 
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from the tank 218 to the cryogenic liquid inlet212. A solenoid valve 226 turns the supply

of LIN on and off.

t00741 A gas supply line 228 supplies throttling gas from the tank 2201o the spray bar

210. The gas supply line 228 splits into two branches 230, 232, each of which is

connected to one of the throttling gas inlets 214, 216. An adjustable valve 234, 236 is

located on each of the branches 230, 2321o enable adjustment of the downstream gas

pressure and flowrate in each of the branches 230, 232. Optionally, a solenoid valve

(not shown) could be provided in series with each of the adjustable valves 234,236 to

enable gas flow to be turned on and off without having to readjust the adjustable valves

234,236. When operated, the gas throttling streams 230,232 control (increase,

decrease or maintain) the liquid flow rate, blasting function, and liquid spray pattern as

discussed above.

100751 A gas purge line 238 is tapped into the supply line 228 upstream from the

branches 230, 232. The gas purge line 238 includes a solenoid valve 240 and two

branches 242,244 which are located downstream from the solenoid valve 240 and each

connect to one of the gas inlets 214, 216. When operated, the gas purge line 238, and

its branches 242 and 244 supply to the spray bar 210 de-icing gas which prevents

frosting of the cryogenic fluid spraying nozzles.

t00761 ln Fig. 7, the spray bar 210 is being used to cool a cylindrical substrate 201

(e.g., steel) that is being heated by a powder spray gun 205. As the spray gun 205

moves along the surface of the substrale 201, the portion of the substrate upon which

the spray gun 205 is acting becomes hotter than other areas of the substrate 201. ln this

embodiment a sensor 203 provides temperature readings along the suface of the

substrate 201 , which are read by the PLC 207 . The PLC 207 , in turn, adjusts the

adjustable valves 234,236 to generate a cryogenic fluid spray profile, 209, that will

provide additional cooling in the hottest area of the substrate 201 and less cooling in

other areas. The PLC 207 will change the spray profile as the spray gun 205 moves

along the substrate 201.

t00771 Alternatively, the PLC 207 could adjust the spray profile in response to signals

from a position sensor (not shown ) that tracks the position of the spray gun 205 or the

PLC 207 could be pre-programmed to follow a timed sequence of spray profiles which

are synchronized with movement of the spray gun 205'
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25configuration disclosed herein which is partially enclosed in a solid or semi-porous casing
or box structure. The casing or box structure is opened only in the direction that the cryogenic
fluid is jetted from the nozzles and is purged from the inside of the casing or box structure with
a dry, room temperature gas in order to prevent nozzle icing. The purge gas may be the same
as the throttling gas and sourced from the same tank, but 30the purge gas flowrate is typically
constant throughout the entire cooling operation and unrelated to the liquid or gaseous flows
through the spraying tube. [0073] In this embodiment, the spray bar 210 includes one
cryogenic liquid inlet 212 and two throttling gas inlets 214, 216. A cryogenic liquid supply line
224 supplies UN  WO 2008/027900PC17 US29071077019 from the tank 218 to the cryogenic
liquid inlet 212. A solenoid valve 226 turns the supply of LIN on and off. [0074] A gas supply
line 228 supplies throttling gas from the tank 220 to the spray bar 210. The gas supply line
228 splits into two branches 230, 232, each of which is 5 connected to one of the throttling
gas inlets 214, 216. An adjustable valve 234, 236 is located on each of the branches 230, 232
to enable adjustment of the downstream gas pressure and flowrate in each of the branches
230, 232. Optionally, a solenoid valve (not shown) could be provided in series with each of the
adjustable valves 234, 236 to enable gas flow to be turned on and off without having to
readjust the adjustable valves 10234, 236. When operated, the gas throttling streams 230,
232 control (increase, decrease or maintain) the liquid flow rate, blasting function, and liquid
spray pattern as discussed above. [0075] A gas purge line 238 is tapped into the supply line
228 upstream from the branches 230, 232. The gas purge line 238 includes a solenoid valve
240 and two 15branches 242, 244 which are located downstream from the solenoid valve 240
and each connect to one of the gas inlets 214, 216. When operated, the gas purge line 238,
and its branches 242 and 244 supply to the spray bar 210 de-icing gas which prevents
frosting of the cryogenic fluid spraying nozzles. [0076] In Fig. 7, the spray bar 210 is being
used to cool a cylindrical substrate 201 
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[007S1 The cylindrical substrate 201 may, also, be a roll or another forming tool used

for rolling metal or nonmetallic strip, profiling such strip and pedorming similar,

continuous forming and shaping operations. The roll or the forming tool heats up during

operation and picks undesired particulate debris on its surface. The spray bar 210

discharging the cryogenic fluid in a specific profile 209 may be used to blast clean the

debris from the substrate surface and/or to cool the surface. For cleaning, anyone of the

spray patterns from the nozzles shown in Fig 6A-61 may be used, For some

embodiments for cooling, it is preferred if the cryogenic fluid is applied from the nozzle of

this invention by intensifying the spray of the fluid from the central portion of the nozzle

and/or minimizing the flow of cryogenic fluid from the ends of the nozzle as shown in Fig

68 or 6C to the substrate or roll to be cooled. During rolling and other forming

operations, the central portion of the roll or other substrate is usually the hottest and

ends of the roll or other substrate the coolest.

[0079] Fig 8 shows a spray tube comprising a conduit that is wrapped into a circular

shape which surrounds the substrate. ln this embodiment, the spray profile 88 can be

controlled to track the rotating hot spot 15A that is generated when the spray gun 13A

circles or partially circles around the substrate part 12A in direction 144'

t00801 Referring to Fig. 9, a tube-style spray apparatus 110 is shown, which is similar

to the spray tube shown in Fig. 5 in that cryogenic liquid is discharged through openings

160 formed along the length of a conduit 112. Cryogenic liquid (preferably LIN) is

supplied to the spray tube 110 by a conventional supply tube 114, then passes through a

9g-degree elbow 1 16 and into a contact zone 120 within the conduit 1 12. Throttling gas

is supplied by a supply lube 122 having a 9O-degree elbow 124 and an injection tube

126 at its terminal end 128. The injection tube 126 extends past the elbow 116 of the

cryogenic liquid supply tube 114 and into the contact zone 120, which enhances contact

between the throttling gas and the cryogenic fluid.

t00811 This invention is not limited to the embodiments shown. Nozzles comprising

multiple gas and liquid supply streams and lines can be used, and other modifications

can be made to the embodiments shown, that are still within the scope of this invention.
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20(e.g., steel) that is being heated by a powder spray gun 205. As the spray gun 205 moves
along the surface of the substrate 201, the portion of the substrate upon which the spray gun
205 is acting becomes hotter than other areas of the substrate 201. In this embodiment a
sensor 203 provides temperature readings along the surface of the substrate 201, which are
read by the PLC 207. The PLC 207, in turn, adjusts the adjustable valves 234, 236 to
generate a cryogenic fluid spray profile, 209, that will provide additional cooling in the hottest
area of the substrate 201 and less cooling in other areas. The PLC 207 will change the spray
profile as the spray gun 205 moves along the substrate 201. [0077] Alternatively, the PLC 207
could adjust the spray profile in response to signals 30 from a position sensor (not shown )
that tracks the position of the spray gun 206 or the PLC 207 could be pre-programmed to
follow a timed sequence of spray profiles which are synchronized with movement of the spray
gun 205.  WO 2008/027900PCTIUS 2007/077010 [0078] The cylindrical substrate 201 may,
also, be a roll or another forming tool used for rolling metal or nonmetallic strip, profiling such
strip and performing similar, continuous forming and shaping operations. The roll or the
forming tool heats up during operation and picks undesired particulate debris on its surface.
The spray bar 210 discharging the cryogenic fluid in a specific profile 209 may be used to
blast clean the debris from the substrate surface and/or to cool the surface. For cleaning,
anyone of the spray patterns from the nozzles shown in Fig 6A-6I may be used. For some
embodiments for cooling, it is preferred if the cryogenic fluid is applied from the nozzle of this
invention by intensifying the spray of the fluid from the central portion of the nozzle 10and/or
minimizing the flow of cryogenic fluid from the ends of the nozzle as shown in Fig 68 or 6C to
the substrate or roll to be cooled. During rolling and other forming operations, the central
portion of the roll or other substrate is usually the hottest and ends of the roll or other
substrate the coolest. [0079] Fig 8 shows a spray tube comprising a wnduit that is wrapped
into a circular 15 shape which surrounds the substrate. In this embodiment, the spray profile
88 can be controlled to track the rotating hot spot 15A that is generated when the spray gun
13A circles or partially circles around the substrate part 12A in direction 14A. [0080] Referring
to Fig. 9,a tube-style spray apparatus 110 is shown, which is similar to the spray tube shown
in Fig. 5 in that cryogenic liquid is discharged through openings 20160 formed along the
length of a conduit 112. Cryogenic liquid (preferably LIN) is supplied to the spray tube 110 by
a conventional supply tube 114, then passes through a 90-degree elbow 116 and into a
contact zone 120 within the conduit 112. Throttling gas is supplied by a supply tube 122
having a 90-degree elbow 124 and an injection tube 126 at its terminal end 128. The injection
tube 126 extends past the elbow 116 of the 



CLAIMS

An apparatus comprising+ at least one cryogenic spray device each having:

a) a contact zone (31c; 32a; 32b;32c;32d;33; 35; 36; 120) for co¡tacting a

cryogenic liguid (L) and a throttling gas (G) and forming a resulting fluid

thereof;

b) at least one gas inlet in fluid communication with the contact zone for

introducing the throttling gas into the contact zone; and

c) at least one cryogenic liquid inlet in fluid communication with the contact

zÔne for introducing the cryogenic liquid into the contact zone'

d) the contact zone being in fluid communication with at least one nozzle (Ni

60; 60f: 160) for discharging the resulting fluid through the nozzle; and

e) a gas supply control QO7, 234,236) in fluid communication with each of

the at least one gas inlet;

f) wherein the at least one spray device is a spray device for a cryogenic

liquid; and

g) wherein the gas supply control is adapted to enable adjustment of at

least one of. temperature, pressure and flow rate of gas supplied to

each of the at least one gas inlet to achieve a first desired flow rate of

cryogenic liquid through the at least one nozzle when a source of

cryogenic liquid at a first pressure is provided to each of the at least one

cryogenic liquid inlet.
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2. The apparatus of claim 1, wherein the gas supply control is adapted to enable

adjustment of the pressure of the gas supplied to each of the at least one gas inlet in

order to achieve a first desired flow rate of cryogenic liquid through the at least one

nozzle when the source of cryogenic liquid at the first pressure is provided to each of

the at least one cryogenic liquid inlet.

3. The apparatus of claim 1, wherein the gas supply control comprises at least

one adjustable valve, each of the at least one adjustable valve being capable of

adjusting the pressure of the gas supplied to one of the at least one gas inlet to

greater than the first pressure.
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25cryogenic liquid supply tube 114 and into the contact zone 120, which enhances contact
between the throttling gas and the cryogenic fluid. [0081] This invention is not limited to the
embodiments shown. Nozzles comprising multiple gas and liquid supply streams and lines
can be used, and other modifications can be made to the embodiments shown, that are still
within the scope of this invention. 30  CLAIMS An apparatus comprising+ at least one
cryogenic spray device each having:    a) a contact zone (3k; 32a; 32b; 32c; 32d; 33; 35; 36;
120) for contacting a 5cryogenic liquid (L) and a throttling gas (0) and forming a resulting fluid
thereof: b) at least one gas inlet in fluid communication with the contact zone for introducing
the throttling gas into the contact zone; and            c) at least one cryogenic liquid inlet in fluid
communication with the contact 10zone for introducing the cryogenic liquid into the contact
zone,    d) the contact zone being in fluid communication with at least one nozzle (V; 60;
601:160) for discharging the resulting fluid through the nozzle; and e a gas supply control
(207, 234, 236) in fluid communication with each of the at least one gas inlet; 151) wherein
the at least one spray device is a spray device for a cryogenic 



4. The apparatus of claim 1, wherein the at least one nozzle comprises a

plurality of nozzles, each of the plurality of nozzles having a respective flow rate of

cryogenic liquid, the flow rates of cryogenic liguid for each of the plurality of nozzles

collectively defining a spray profile, wherein the gas supply control is adapted to

enable adjustment of at least one of temperature and pressure of gas supplied to

each of the at least one gas inlet to achieve a first desired spray profile when a

source of cryogenic liquid at the first pressure is provided to each of the at least one

cryogenic liquid inlet,

-244-

liquid; and wherein the gas supply control is adapted to enable adjustment of at least one of,
temperature,pressure and flow rate of gas supplied to each of the at least one gas inlet to
achieve a first desired flow rate of  20 cryogenic liquid through the at least one nozzle when a
source of cryogenic liquid at a first pressure is provided to each of the at least one cryogenic
liquid inlet. 2.The apparatus of claim 1, wherein the gas supply control is adapted to enable
25adjustment of the pressure of the gas supplied to each of the at least one gas inlet in order
to achieve a first desired flow rate of cryogenic liquid through the at least one nozzle when the
source of cryogenic liquid at the first pressure is provided to each of the at least one cryogenic
liquid inlet. 303.The apparatus of claim 1, wherein the gas supply control comprises at least
one adjustable valve, each of the at least one adjustable valve being capable of adjusting the
pressure of the gas supplied to one of the at least one gas inlet to greater than the first
pressure. 35  4.The apparatus of claim 1, wherein the at least one nozzle comprises a
plurality of nozzles, each of the plurality of nozzles having a respective flow rate of cryogenic
liquid, the flow rates of cryogenic liquid for each of the plurality of nozzles collectively defining
a spray profile, wherein the gas supply control is adapted to enable adjustment of at least one
of temperature and pressure of gas supplied to each of the at least one gas inlet to achieve a
first desired spray profile when a source of cryogenic liquid at the first pressure is provided to
each of the at least one cryogenic liquid inlet.   5. The apparatus of claim 4, wherein the gas
supply control comprises a controller that is programmed to change the spray profile in
accordance with a preprogrammed cooling profile.  6. The apparatus of claim 4, wherein the
gas supply control comprises a controller that is programmed to change the spray profile in
response to signals received from a sensor.  7. The apparatus of claim 6, wherein the sensor
comprises a temperature 



5, The apparatus of claim 4, wherein the gas

controller that is programmed to change the spray

preprogrammed cooling profile.

6. The apparatus of claim 4, wherein the gas supply control comprises a

controller that is programmed to change the spray profile in response to signals

received from a sensor.

10

7. The apparatus of claim 6, wherein the sensor comprises a temperature

sensor that is adapted to measure the temperature of at least a portion of a substrate

being cooled by the at least one cryogenic spray device.

L The apparatus of claim 6, wherein the sensor comprises a position sensor

that tracks the position of a heat source acting on at least a portion of a substrate

being cooled by the at least one cryogenic spray device.

9. The apparatus of claim 1, wherein the at least one gas inlet comprises a first

gas inlet and a second gas inlet.

10. The apparatus of claim 1, wherein the at least one cryogenic spray device

comprises a plurality of cryogenic spray devices and the gas supply controller

comprises a plurality of adjustable valves, each of the plurality of adjustable valves

being in fluid communication with each of the at least one gas inlet.

11. The apparatus of claim 1 further comprising:

an outer conduit;

an inner conduit positioned within the outer conduit and defining an annular

space between the outer conduit and the inner conduit,

the annular space being said contact zone;

the outer conduit having said at least one nozzle formed thereon,

the inner conduit being in fluid communication with said cryogenic liquid inlet

and having at least one opening positioned to enable the cryogenic liquid to flow

radially from the inner conduit into the contact zone; and

the first gas inlet in fluid communication with the outer conduit.
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profile in accordance with
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10sensor that is adapted to measure the temperature of at least a portion of a substrate being
cooled by the at least one cryogenic spray device.    8. The apparatus of claim 6, wherein the
sensor comprises a position sensor that tracks the position of a heat source acting on at least
a portion of a substrate 15being cooled by the at least one cryogenic spray device.  9. The
apparatus of claim 1, wherein the at least one gas inlet comprises a first gas niet and a
second gas inlet. 2010.The apparatus of claim 1, wherein the at least one cryogenic spray
device comprises a plurality of cryogenic spray devices and the gas supply controller
comprises a plurality of adjustable valves, each of the plurality of adjustable valves being in
fluid communication with each of the at least one gas inlet. 2511.The apparatus of claim 1
further comprising: an outer conduit;    an inner conduit positioned within the outer conduit and
defining an annular  space between the outer conduit and the inner conduit, the annular space
being said contact zone; 30the outer conduit having said at least one nozzle formed thereon,
the inner conduit being in fluid communication with said cryogenic liquid inlet and having at
least one opening positioned to enable the cryogenic liquid to flow radially from the inner
conduit into the contact zone; and the first gas inlet in fluid communication with the outer
conduit.   12. The apparatus of claim 11, wherein the first gas inlet is in head-on flow
communication with the annular space.  13. The apparatus of claim 11, wherein the outer
conduit includes a first end and a second end that is distal to the first end, the first gas inlet
being located at the first end and a second gas inlet being located at the second end, the
second gas inlet 10being adapted to be connected to a pressurized gas supply.  14. The
apparatus of claim 11, wherein the inner conduit and outer conduit are each cylindrical in
shape and are concentric, 1515.The apparatus of claim 11, wherein at least one nozzle
comprises a plurality 



12. The apparatus of claim 11, wherein the first gas inlet is in head-on flow

communication with the annular space.

13, The apparatus of claim 1 1 , wherein the outer conduit includes a first end and

a second end that is distal to the first end, the first gas inlet being located at the first

end and a second gas inlet being located at the second end, the second gas inlet

being adapted to be connected to a pressurized gas supply.

14. The apparatus of claim 11, wherein the inner conduit and outer conduit are

each cylindrical in shape and are concentric.

15. The apparatus of claim 1 1 , wherein at least one nozzle comprises a plurality

of nozzles arranged in a row.

16. The apparatus of claim 11, further comprising a gas supply control in fluid

communication with the first gas inlet and being adapted to enable adjustment of at

least one of temperature, pressure and mass flow rate of gas supplied to the first gas

inlet to achieve a first desired flow rate of cryogenic liquid through the at least one

nozzle when the source of cryogenic liquid at a first pressure is provided to the first

cryogenic liquid inlet,

17. The apparatus of claim 1 further comprising:

said at least one gas inlet in head-on flow communication with said at least

one nozzle and

said cryogenic liquid inlet has an outlet end in 45'135 degree flow

communication with said at least one nozzle.
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of nozzles arranged in a row. 16.The apparatus of claim 11, further comprising a gas supply
control in fluid communication with the first gas inlet and being adapted to enable adjustment
of at 20 least one of temperature, pressure and mass flow rate of gas supplied to the first gas
inlet to achieve a first desired flow rate of cryogenic liquid through the at least one nozzle
when the source of cryogenic liquid at a first pressure is provided to the first cryogenic liquid
inlet. 2517.The apparatus of claim 1 further comprising:        said at least one gas inlet in
head-on flow communication with said at least one nozzle and        said cryogenic liquid inlet
has an outlet end in 45 - 135 degree flow communication with said at least one nozzle.   18.
The apparatus of claim 17, wherein the contact zone has a minimum diameter and a length
between 1,0 and 40 times the minimum diameter.  19. A method comprising:        supplying a
cryogenic liquid at a first pressure and first temperature to a contact zone that is in fluid
communication with at least one nozzle;        supplying a gas at a second pressure and
second temperature to the contact zone, the second pressure being no less than the first
pressure, the second temperature being greater than the first temperature, and the gas having
a boiling 10point at 1 atm that is no greater than the first temperature:        regulating the gas
supplied to the contact zone in order to achieve a desired flow rate of cryogenic liquid through
each of the at least one nozzle.  20. The method of claim 19, wherein regulating the gas
supplied to the contact 15zone comprises regulating the second pressure to achieve the
desired flow rate of cryogenic liquid through each of the at least one nozzle,  21. The method
of claim 19 herein regulating the second pressure comprises regulating the second pressure
greater than Ito 100 times the first pressure in order 



18. The apparatus of claim 17, wherein the contact zone has a minimum diameter

and a length between 1.0 and 40 times the minimum diameter.

19. A method comprising:

supplying a cryogenic liquid at a first pressure and first temperature to a

contact zone that is in fluid communication with at least one nozzle;

supplying a gas at a second pressure and second temperature to the contact

zone, the second pressure being no less than the first pressure, the second

temperature being greater than the first temperature, and the gas having a boiling

point at 1 atm that is no greater than the first temperature;

regulating the gas supplied to the contact zone in order to achieve a desired

flow rate of cryogenic liquid through each of the at least one nozzle.

20. The method of claim 19, wherein regulating the gas supplied to the contact

zone comprises regulating the second pressure to achieve the desired flow rate of

cryogenic liquid through each of the at least one nozzle.

21. The method of claim 19, wherein regulating the second pressure comprises

regulating the second pressure greater than 1 to 100 times the first pressure in order

to achieve the desired flow rate of cryogenic liquid through each of the at least one

nozzle.

22. The method of claim 19, wherein supplying a gas at a second pressure and

second temperature to the contact zone further comprises supplying the gas in a

direction that impinges the cryogenic liquid being supplied to the contact zone,

23. The method of claim 22, wherein supplying the gas in a direction that

impinges the cryogenic liquid being supplied to the contact zone comprises supplying

the gas in a direction that impinges the cryogenic liquid being supplied to the contact

zone at an angle between 45 and 135 degrees.

24. The method of claim 19, wherein the supplying a cryogenic liquid step further

comprises supplying a cryogenic liquid at a first pressure and first temperature to
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20to achieve the desired flow rate of cryogenic liquid through each of the at least one nozzle.
22. The method of claim 19, wherein supplying a gas at a second pressure and second
temperature to the contact zone further comprises supplying the gas in a 25direction that
impinges the cryogenic liquid being supplied to the contact zone.  23. The method of claim 22,
wherein supplying the gas in a direction that impinges the cryogenic liquid being supplied to
the contact zone comprises supplying the gas in a direction that impinges the cryogenic liquid
being supplied to the contact 30 zone at an angle between 45 and 135 degrees.  24. The
method of claim 19, wherein the supplying a cryogenic liquid step further comprises supplying
a cryogenic liquid at a first pressure and first temperature to  an inner conduit having at least
one opening in fluid communication with the contact zone, the inner conduit being located
within an outer conduit and the contact zone being located between the inner an outer
conduits. 25.The method of claim 19, wherein the regulating the gas supplied step further
comprises regulating the gas supplied to the contact zone using a controller that is
programmed to adjust the pressure of gas supplied to the contact zone based on one or more
of: (a) signals from at least one sensor and (b) a preprogrammed cooling profile. 10  26. The
method of claim 19, wherein the method is used in one of the applications selected from the
group of thermal spraying, welding; fusing; hardening: nitriding; carburizing; laser glazing;
induction heat treating; brazing; extrusion; casting; finish-rolling; forging; embossing;
engraving; patterning; printing, scribing or slitting of metal strip, tape, or tube; cryogenic
cutting and grinding of metal and nonmetal components; and processing, surfacing, or
assembly in the metals, ceramics, aerospace, medical, electronics, and optical industries,  27.
The method of claim 19 wherein said regulating step is used to vary the 20composition of a
fluid through the at least one nozzle from between 100 % gas to 100% liquid. 28,The method
of claim 19 wherein said regulating step is used to vary the liquid to gas ratio of a fluid through
the at least one nozzle. 25 



an inner conduit having at least one opening in fluid communication with the contact

zone, the inner conduit being located within an outer conduit and the contact zone

being located between the inner an outer conduits'

5 25. The method of claim 19, wherein the regulating the gas supplied step further

comprises regulating the gas supplied to the contact zone using a controller that is

programmed to adjust the pressure of gas supplied to the contact zone based on one

or more of: (a) signals from at least one sensor and (b) a preprogrammed cooling

profile.

10

26. The method of claim 19, wherein the method is used in one of the

applications selected from the group of thermal spraying, welding; fusing; hardening;

nitriding; carburizing; laser glazing; induction heat treating; brazing; extrusion;

casting;finish-rolling; forging; embossing; engraving; patterning; printing, scribing or

15 slitting of metal strip, tape, or tube; cryogenic cutting and grinding of metal and non-

metal components; and processing, surfacing, or assembly in the metals, ceramics,

aerospace, medical, electronics, and optical industries

20

27. The method of claim 19 wherein said regulating step is used to vary the

composition of a fluid through the at least one nozzle from between 100 % gas to

100o/o liquid.

29. The method of claim 19 wherein said regulating step is used to vary the liquid

to gas ratio of a fluid through the at least one nozzle.

25
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