
;e3ejX6Tj}T~v~   WO 02/119s797 PCT/USO1/51618 - 1  GAS DELIVERY AT HIGH
FLOW RATES Field of the Invention This invention is related to the delivery
of gases 5 at high flow rates, and more specifically, this invention is
related to a method and system for delivering high purity semiconductor
gases at high flow rates. Background of the Invention 10 There is a growing
need in semiconductor manufacturing to deliver specialty gases to the point
of use at high flow rates. Conventional compressed gas storage vessels
(i.e., cylinders and ton containers) have liquefied gas under its own vapor
pressure at 15 ambient temperature. As the vapor is withdrawn from the
vessel, the liquid evaporates at an equivalent rate to account for the
decrease in pressure. This consumes energy from the remaining liquid in the
tank. In the absence of heat transfer to the vessel, the liquid 20
temperature drops, leading to a corresponding drop in the vapor pressure.
Further vapor withdrawal eventually subcools the liquid and the flow of
vapor reduced. Along with liquid subcooling, rapid vapor  25 withdrawal and
uncontrolled heat transfer to the storage vessel also induces violent
boiling at the vessel walls. This results in carryover of metastable liquid
droplets into the vapor phase. In addition, the conventional sources of
compressed gas storage deliver 30 saturated vapor. A decrease in its
temperature or a flow restriction in the process line leads to
condensation. The presence of liquid droplets in the    WO 021(19s797
PCT/US01/51C18 - 2  vapor stream is detrimental to most instruments and
therefore needs to be minimized. The problem, therefore, was to deliver
high vapor flowrates from conventional sources, with minimal 5 liquid
carryover and without liquid subcooling. The prior art has disclosed some
ways of 



delivering high vapor flow rates from conventional sources, but none of the
prior art teaches or suggest a method and system for such delivery at high
flora rates 10 using an external source with optimal heat transfer from the
storage vessel walls to the liquid as well as minimizing the liquid droplet
formation n the process lines. U.S. Patent No. 6,l22,931 discloses a system
that 15 transports liquefied gas from a storage vessel to a distillation
column and uses the distillate to deliver ultra-high purity vapor to the
point of use. Additional processing steps are involved using liquefied gas.
20 U.S. Patent No. 6,076,359 discloses increasing the heat transfer between
the ambient and the gas cylinder placed in a gas cabinet. The increase is
achieved by altering air flow rate in the cabinet and adding fins internal
to the cabinet. This enhances the heat 25 transfer from the ambient to the
cylinder. The resulting flow rate is comparatively low. However, the
increase in delivery flowrate is still not significant enough to meet the
current demands. U.S. Patent No. 5,894,742 discloses a liquefied 30
compressed gas pumped into evaporators, which convert the liquid into vapor
phase before delivering the gas   WO U2/096797 PCT/USO1/51G18 - 3  to the
point of use. Using a number of such evaporators, each corresponding to a
use point allows for high throughput through the delivery system. U.S.
Patent No. 5,673,562 discloses the use of a 5 storage vessel fitted with an
internal heat exchanger, which maintains the temperature of the liquid-gas
interface. The heat is transferred to the interface either by radiation or
conduction through the gas phase. 10 U.S. Patent No. 5,644,921 discloses
superheating the vapor withdrawn from a storage vessel containing liquefied
compressed gas heated using an external heat exchanger. This superheated
vapor is then used to exchange heat with the liquid phase by passing the 



15 vapor through heating tubes immersed in the liquid phase. This cools the
vapor and induces liquid boiling to maintain a minimum vapor pressure in
the vessel. The cooled vapor is then delivered to the point of use. All the
methods presented in the patents discussed 20 above provide means of
supplying additional energy to the liquid through external sources.
However, these methods are not adaptable to existing sources of compressed
gas storage and require additional equipment. This makes those inventions
capital 25 intensive. Further, these inventions only address the issue of
supplying additional energy to the system. There is no teaching or
suggestion on methods of decreasing the various heat transfer resistances,
which allows for optimal operation of the delivery system. 30 Udischas R.
et al., "Performance and Cost Comparison for Various Bulk Electronic
Specialty Gas Delivery Solutions", presented in Workshop on Gas   WO
U2/U9s797 - 4  PCT/USIII/S1G18 Distribution Systems, SEMICON West 2000
compared the economic advantage of various delivery systems for compressed
gases. The maximum delivery flow rate used for the comparison was 400
standard liters per min 5 (slpm) ammonia flowing for two hours and 1000
slpm HCl flowing for one hour. Yucelen B. et al., "High Flow Delivery
Systems for Bulk Specialty Gases", presented m workshop on Distribution
Systems, SEMICON West 2000 disclosed that 10 externally heating the ton
containers can deliver high flow rates (up to 1500 slpm). The focus of the
paper is to analyze the moisture carryover in the vapor at high flow rates.
In view of the prior art, there is a need for a 15 method and system which
1) facilitates the withdrawal of vapors from the existing sources of
compressed gas storage (cylinders and ton containers) at high flow rates
using an external heat source; 2) proposes a control strategy which allows
for optimal heat transfer 20 from the storage vessel walls to the liquid,
and 3) develops a method to deliver high vapor flow rates while minimizing
liquid droplet formation in the process lines. SUMMARY OF THE INVENTION 25
One aspect of this invention is directed to a method for controlling the
temperature of a liquefied compressed gas in a storage vessel comprising
passing a liquefied compressed gas into a storage vessel; positioning a
temperature measuring means onto the wall 30 of the compressed gas storage
vessel; positioning at least one heating means proximate to the storage
vessel; monitoring the temperature of the compressed   



W O 112/09S797 - 5  PCT/USO1/sl(r18 gas within the storage vessel with the
temperature measuring means; and adjusting the output of the heating means
to heat the liquefied compressed gas in the storage vessel. 5 In another
embodiment, this invention is directed to a method for maintaining the
evaporation of a liquefied compressed gas in a storage vessel during vapor
delivery comprising passing a liquefied compressed high-purity
semiconductor gas into a storage 10 vessel; positioning a temperature
measuring means onto the wall of the storage vessel; positioning at least
one heating means proximate to the storage vessel; monitoring the
temperature of the compressed gas within the storage vessel with the
temperature measuring 15 means; positioning a pressure measuring means at
an outlet of the storage vessel; monitoring the pressure of the compressed
gas within the storage vessel with the pressure measuring means; passing a
portion of a gas out of the storage vessel; and adjusting the heat 20
output of the heating means to maintain a desired pressure. In yet another
embodiment, this invention is directed to a method for delivering a
liquefied compressed gas with a high rate of flow comprising 25 passing a
liquefied compressed high-purity semiconductor gas into a storage vessel;
positioning a temperature measuring means onto the wall of the compressed
gas storage vessel; positioning at least one heating means proximate to the
storage vessel; 30 monitoring the resulting temperature with the
temperature measuring means; positioning a pressure measuring means at the
outlet of the storage vessel and monitoring the vessel pressure; adjusting
the heat   WO 02/095797 - 6  PCT/USO1/51618 output of the heating means to
heat the liquefied compressed gas in the storage vessel to control the
evaporation of the liquefied compressed gas in the storage vessel; and
controlling the flow of the gas 5 from the storage vessel. In yet another
embodiment, this invention is directed to a method for delivering ammonia
with a high rate of flow comprising passing a high-purity liquefied
compressed ammonia gas into a ton container; 10 positioning a thermocouple
onto the wall of the ton container; positioning at least one heating means
proximate to the ton container; monitoring the thermocouple; positioning a
pressure transducer at the outlet of the ton container and monitoring the
vessel 15 pressure; monitoring the average weight loss of the liquefied
compressed ammonia in the ton container; adjusting the temperature from the
output of the heating means to heat the liquefied ammonia in the ton
container; boiling the liquefied compressed ammonia 20 under convective and
nucleate boiling regimes; controlling the evaporation of the liquefied
compressed ammonia in the ton container under the convective and nucleate
boiling regimes; and controlling the flow of ammonia from the ton
container. 25 This invention is also directed to a system for delivering a
semiconductor process gas with a high rate of flow comprising a storage
vessel containing a liquefied compressed semiconductor process gas; a
temperature measuring means positioned onto the wall of . 30 the storage
vessel; a pressure probe positioned at the outlet of the storage vessel; a
heating means positioned proximate to the storage vessel, wherein the
temperature probe and pressure probe is used to adjust   



WO U2/095797 PCT/USO1/s1G18 the output of the heater to heat the liquefied
compressed semiconductor gas in the compressed gas storage vessel and
enabling the high flow of semiconductor gas from the compressed gas storage
5 vessel; and a valve means to control the flow of the semiconductor gas
flowing from the storage vessel. The storage vessel is a cylinder or a ton
container. The liquefied may be ammonia, hydrogen chloride, and hydrogen
bromine, chlorine or 10 perfluoropropane. Generally, the temperature
measuring means is a thermocouple. The heating means is a ceramic heater, a
heating jacket or a hot fluid heat transfer device. As used herein, the
term high flow rates means the 15 speed at which the gas flows from the
storage vessel in this invention. For the purpose of this invention, the
term high flow rates refers to that of greater than or about 500 slpm. As
used herein, storage vessel means any the 20 container holding the
liquefied gas in this invention. For purposes of this invention, the
storage vessels are cylinders or ton containers. Other types of storage
vessels capable of storing liquefied gases are also contemplated herein. 25
As used herein, proximate refers to a position indicating an immediate
vicinity. In at least one embodiment, proximate refers to the position of
the heating means as being close to the vessel. Detailed Description of the
Drawings 30 Other objects, features and advantages will occur to those
skilled in the art from the following   WO 02/095797 _ g _ description of
preferred embodiments and the PCT/USO1/slfil8 accompanying drawings, in
which: 



Fig. 1 provides a schematic representation of heat transfer across the
vessel walls in this invention; 5 Fig. 2 provides a typical boiling curve
for a liquid; Fig. 3 provides a schematics fo the experimental setup for
delivering high vapor flow rates in this invention; 10 Fig. 4 provides a
schematics for the variation of ammonia flow rate and surface temperature
with time; Fig. 5 provides a schematics for delivery systems; Fig. 6
provides a flow diagram for the delivery system; and 15 Fig. 7 is a
schematics of the prototye ammonia delivery system. Detailed Description of
the Invention This invention allows for optimal heat transfer to the
liquefied gas in a storage vessel by confining the 20 liquid boiling in
free convection and nucleate boiling regime. The invention provides
transfer heat flux of up to about Z80 kWrri` to deliver up to about 1000
slpm of ammonia while maintaining the liquid close to ambient temperature.
One embodiment has shown the 25 transfer heat flux to be about 93.5 kWrri2
delivering about 500 slpm of ammonia. Similar transfer heat fluxes and flow
rates are applicable for other similar semiconductor gases and determined
by the characteristics of those gases. 30 The present invention can deliver
high vapor flow rates at relatively low surface temperature, where the
surface temperature is expected to be not more than 20C above the bulk
liquid or the ambient temperature.   WO 02/U95797 - 9  PCT/L1S01/51( 18 The
delivery of high vapor flow rates at relatively low heater temperature can
be conducted by enhancing heat transfer from the neater to the vessel. The
present invention allows the use of a11 the 5 available surface area for
heat transfer by an external heat source, such as the use of a hot fluid
bath, to the liquid phase. A control strategy allows achieving and
maintaining high vapor flow rates at low surface temperatures, as well as
enhancing heat transfer to the 10 liquid. Further the system and methods of
this invention have the potential of reducing liquid droplets in the vapor
phase without any additional instrumentation by superheating the vapor
phase in the vessel. A means for reducing both the external and 15 internal
resistance to heat transfer is also provided. In the proposed system, a
heat source external to the system is used to supply energy to evaporate
the liquid. The heat source could be either a heating jacket or, a hot
fluid in direct contact with the 20 vessel. In the case of a hot fluid
(like water or oil), submerging the vessel in the fluid bath offers the
lowest resistance to heat transfer (see Table 1). In the case of a heating
jacket, the heaters are designed for higher temperature to compensate for a
25 poor contact between the heaters and the vessel. This allows sufficient
energy to be transferred to the liquid even if the effectiveness of the
heater-vessel contact deteriorates with time. Frequent changes of the
compressed gas vessel, which is inevitable at high 30 flow rates, may
reduce the contact effectiveness. In addition, it is difficult to exactly
duplicate the contact after every cylinder change. Using a conductive
grease or rubber between the heating jacket  



WO 02/095797 PCT/LIS01/51C18 - 10  and the vessel further reduces the
external contact resistance. A control strategy is proposed to minimize the
internal resistance to heat transfer at the vessel 5 liquid contact. The
strategy confines the liquid evaporation in the connective and nucleate
boiling regime. This objective is achieved by monitoring the temperature of
the vessel surface in contact with the liquid and the pressure of the
vessel. A decrease in 10 the surface temperature indicates that the heat
flux from the heat source to the vessel is less than the energy required
for liquid vaporization at a given flow rate. This indicates a high
external heat transfer resistance. Increasing the temperature of the heat
15 source (hot fluid or heating jacket) increases the heat flux in such a
scenario. An increase in the surface temperature with decreasing pressure
indicates that the heat flux from the vessel to the liquid is less than the
energy required for liquid vaporization. This 20 indicates the onset of
vapor film boiling, which increases the internal resistance to heat
transfer. Reducing the heater temperature enhances the heat flux in this
scenario. The same heating source is also used to transfer 25 heat to the
vapor phase, thus resulting in delivery of superheated vapor. This
minimizes the number of liquid droplet in the gas phase and reduces the use
of elaborate instrumentation to prevent vapor condensation in process
lines. The superheated vapor provides the 30 energy required to evaporate
liquid droplets present in the vapor phase. The superheated vapor also
compensates for cooling across flow restrictions minimizing vapor
condensation.   WO 02/1195797 - 11  PCT/USO1/sl(~18 This invention does not
require the use of novel storage vessels, and can deliver a large range of
vapor flow rates from the conventional compressed gas storage vessels thus
reducing capital investment and meeting 5 customer needs. The strategy
proposed in the invention controls the liquid evaporation in the convective
and nucleate boiling regime thus increasing the heat transfer rates. The
increased heat flux at a given temperature leads to an optimal method for
high flow 10 rate delivery. The basis of this invention relates to the
energy balance around the liquid in a compressed gas container, delivering
vapor at a flow rate F, as represented by equation (1). 



r)lCp~ ~~ ~ = Q - F~,;~P ~~~r ~ ( 1 ) The required energy for vaporization,
FdHVap (Plat) . either comes as sensible heat loss (drop in liquid
temperature, TL) or heat transfer (Q) from a heat 20 source. OHVaP(Psat~ is
the latent heat of vaporization at saturation pressure, Psat. The symbol m
represents the mass of liquid and CpL is its heat capacity. To maintain a
constant liquid temperature (dTz/dt =0), the heat transfer to the liquid
must equal the 25 energy required for vaporization at a given flow rate.
The heat transfer source could either be an external heater or the ambient.
The rate of heat transfer from a heat source depends on the available
surface area (A), overall heat transfer coefficient (U) and the Q = UA(To -
Ti )   WO 021095797 PCT/USU1/51(lA - 12  temperature difference between the
source and the liquid ( To-Tz) , as shown in equation ( 2 ) . (2) 5 Fig. Z
schematically represents the resistance to heat transfer from the heat
source to the liquid across a cross-section of the vessel walls. In the
figure, To, Twout. Twin and TL represent the temperature of the heat
source, outside vessel wall, inside vessel wall and the 10 liquid,
respectively. The relationship of the overall heat transfer coefficient, U,
to the coefficient for heat transfer from the heat source to the vessel,
ho"t, thermal conductivity of the vessel walls, kF" and the coefficient for
heat transfer from the walls to the 15 liquid, hi" is shown below. _Z _ 1 1
ln~y /f; UA ! 2~oLho"~ + 2~;Lh;" + 2~I~,vL ( 3 ) Equation (3) assumes a
long cylindrical storage vessel of length, L, with an internal radius, ri
and an external radius, ro. The resistance due to the thermal 20
conductivity ( In (ro/ri) / (2dk,~L) ) is fixed for a given storage vessel
. However, the internal ( 1/ (2driLh~n) ) and external ( 1/ (2droLho"t) )
heat transfer resistance depends on the operating parameters and the heat
source. Typical heat transfer resistance values for 25 various conditions
(described later) are listed in Table 1 below. Table 1: Comparison of
Resistance to Heat Transfer based on Fig. 1  



WO (12/09;797 - 13  PCT/USOl/slllS WallResistanceExternal Heat Internal
Heat Transfer .~ ln~3o~rTransferResistance,Resistance2~ck,vL'1 101 _~ h ~
10TC10-4 K ~~ 2~cyLho~a I~2~ L~l~n ~WAmbient HotFree Nucleate FilmAir
WaterConvection Boiling Boiling11000 157 0.7 14 The listed values are
calculated for an alloy steel ton container with 24 in. outside diameter
and 0.5 in. wall thickness. The heated length is assumed 5 to be 5 ft. For
these calculations, an ambient temperature of 21C and hot water temperature
of 27C is used. For the internal heat transfer resistance, properties of
ammonia at ambient temperature are used. The correlation used to calculate
the heat transfer 10 coefficients are taken from "Heat and Mass Transfer",
Chapter 5, Perry's Chemical Engineers Handbook, 7th Ed., McGraw-Hill, l999.
Table 1 illustrates that still ambient air offers maximum resistance to
external heat transfer. Using 15 these values in the above equations, it
can be shown that the heat transfer from ambient air is only sufficient to
deliver about 7 slpm of ammonia without significant liquid subcooling. This
calculation assumes a 10C drop in liquid temperature from 20 subcooling. In
the absence of external heat sources, the heat transfer from the ambient
limits the rate of vaporization of liquid. To obtain high vapor flow rates
without liquid subcooling, external heat sources like a heating jacket or
hot fluid bath can be used,   WO (12/095797 PCT/USO1/S1G18 - 14  both of
which are known in the art. In addition to this, the heating means in this
invention likewise includes other ceramic heaters or other appropriate
devices and methods known in the art for providing heat 5 to the vessel.
Using hot water bath can significantly reduce external heat transfer
resistance as shown in Table 1. In the case of a heating jacket, the
resistance to heat transfer will depend on the contact between the jacket
and the vessel. The presence of air 



10 gaps between the jacket and the vessel will reduce heat transfer since
air acts as an insulator. However, a higher heating jacket temperature can
compensate fox a poor contact between the heater and the vessel. Placing a
thermally conductive fluid between the heater 15 and the vessel can also
enhance the heat transfer. As stated above, the overall heat transfer
coefficient also depends on the internal resistance to heat transfer. The
internal heat transfer coefficient depends on the temperature difference
between the wall 20 and the liquid and the boiling characteristics of the
liquid. In general, the pool-boiling characteristics can be broadly divided
into four regimes as illustrated by a typical boiling curve in Fig. 2. The
boiling curve is a log-log plot of the heat flux per unit area 25 (~/A)
against the temperature difference between the wall and the liquid (Tw;
,n-TL). The four regimes are, free convective boiling, nucleate boiling,
vapor film boiling, and radiation boiling. The schematics on top of the
curve represent the characteristics of each 30 regime. In free convective
boiling, the heated liquid next to the hot wall rises due to natural
convection currents and evaporates at the vapor-liquid interface. In the
nucleate boiling regime, vapor bubbles form on   WO 021U95797 - 15
PCT/USO1/sllrl8 the vessel wall and rise to the liquid-gas interface
without condensing in the bulk liquid. As the temperature difference
increases, the bubbles coalesce on the wall surface and form a vapor film.
This is 5 referred to as film boiling. Although the temperature difference
is higher in this regime, the rate of heat transfer is lower compared to
nucleate boiling. At still higher temperature difference, the wall
temperature increases significantly resulting in 10 radiation heat
transfer. In this regime, the heat flux to the liquid again increases with
an increase in the temperature difference. However, this regime is of
little practical use for heating due to wall temperatures (greater than
about 1000C) near the 15 melting point of the conventional vessel
materials. Typical values of the heat transfer resistance in different
boiling regimes for ammonia are listed in Table 1. High heat transfer rates
are obtained in free convection and nucleate boiling regimes at 20
significantly low temperature difference (Twi"-fL) due to low resistance to
heat transfer in the liquid phase. In the film-boiling regime, the vapor
film acts as an insulator. This reduces the heat flux to the liquid due to
a higher heat transfer resistance in the vapor 25 phase. This illustrates
that to deliver high vapor flow rates from compressed gas containers, the
rate of vaporization must increase by reducing the overall heat transfer
resistance. The energy for vaporization can be supplied by using an
external heat source. Low 30 resistance to internal heat transfer can be
obtained by controlling the liquid boiling in the free convective or
nucleate boiling regime.   W O l12/095797 - 16  PCT/USO1/S1G18 



The vapor delivered from conventional compressed gas sources is saturated
since it is in equilibrium with the liquid present inside the container. In
the process piping the vapor can cool due to relatively 5 lower temperature
of process lines or temperature drop during expansion across a flow
restriction. A drop in temperature of the saturated vapor will result in
condensation. The presence of liquid droplets may be detrimental to the
instrumentation. Supplying energy 10 to the vapor to compensate for any
cooling effect can minimize the formation of liquid droplets. Example
Experiments were conducted to evaluate the feasibility of using ton
containers to deliver high 15 flow rates of ammonia. The experiments were
used to establish a relationship between the vapor flow rate and the
surface temperature. The experimental setup used for testing the ton
containers is shown in Figure 3. A 4130X alloy steel 20 ton container
filled with 530 lbs of ammonia was used for the experiment. Twelve ceramic
heaters were used to control the surface temperature of the ton container.
The heater is a mesh of ceramic squares, 1"x1" in size, covering a
continuous heating filament. 25 Each ceramic mesh is 6"x19.5"in size and is
rated for 3.6 kW. These heaters were spaced ~1" apart and tied together in
sets of four along the length of the mesh. Three of these sets were placed
side by side along the length of the container. A one-inch thick insulation
30 was used on top of the heaters and the whole assembly was clamped to the
bottom of the ton container using   VVO 021095797 PCT/USO1/S1G18 - 17
steel wires. This heating arrangement covered 250 of the total surface area
of the ton container. The surface temperature was monitored and controlled
at six different locations using ' 5 thermocouples distributed in a zigzag
pattern on the heated surface area. The thermocouples were tag-welded to
the surface of the ton container to obtain the true surface temperature.
Each thermocouple was used to control a set of heaters using a simple
on-off 10 controller. This setup allows for maintaining a uniform
temperature across the heated surface. The ammonia flow rates were measured
based on average weight loss over a 30 to 50 min period. Fig. 4 shows the
variation of the ammonia flow 15 rate (right y-axis) and the surface
temperature (left y-axis) with time. An increase in the surface temperature
leads to a corresponding increase in the ammonia vapor flow rate delivered
by the ton container. The pressure and liquid temperature, which were also
20 monitored during this experiment, remained constant. The increase in
heat flux at higher surface temperature leads to higher vaporization rates,
which increases the flow rate. A constant pressure and liquid temperature
indicate that energy supplied by the heaters was 25 adequate and all the
energy was utilized to vaporize ammonia and maintain the flow rate. The
observed temperature difference at various flow rates along with the actual
heat flux to the liquid is tabulated in Table 2. The heat flux is
calculated using the ammonia 30 flow rate and heat of vaporization. Table
2: Experimental Result Temperature Difference Average Ammonia Average Heat



WO f12/U9~797 - 18  PCT/USO1/sl(i18 (TW"t-TL) (C) Flowrate (F) Flux (Q/A)
(Slpm) (kW/m z) 2.78 150 28.61 3.33 327 62.25 4.22 363 70.60 5.56 492 93.51
The maximum heat flux that can be transferred to liquid ammonia during
nucleate boiling is 1.5x103 kWrri`. This heat flux corresponds to the point
of maximum between 5 the nucleate and vapor film boiling regime on the
boiling curve shown in Fig. 2. The maximum heat flux is calculated using a
correlation taken from "Heat and Mass Transfer", Chapter 5, Perry's
Chemical Engineers Handbook, 7t11 Ed., McGraw-Hill, 1999. Using the heat 10
transfer correlation for nucleate boiling, it can be further shown that the
temperature difference between the vessel wall (fiwin) and the bulk liquid
(TL) at this point of maximum heat flux is ~20C for ammonia. In the
experiment, the observed temperature difference 15 between the outside
vessel surface (Tw"t) and the bulk liquid (TL) was less than 6C at a
flowrate of 492 slpm. This shows that even at such high flowrates the
liquid was just at the onset of nucleate boiling. Still higher flowrates
can be easily achieved in this 20 regime due to enhanced heat transfer.
Conceptually, using the above experimental configuration 7890 slpm of
ammonia can be delivered while still boiling liquid ammonia in the nucleate
regime. The experimental data presented above demonstrates 25 that a range
of vapor flow rates can be delivered from ton containers using an adequate
heat source and   WO 02/095797 PCTIUSO1/51618 - 19  controlling the surface
temperature. The data also shows that these high flow rates can Lie
achieved just at the onset of nucleate boiling. A preferred system is
illustrated in Fig. 5. The 5 system consists of the following components:
1) conventional compressed gas source (i.e., gas cylinder, ton container),
2) heat source; 3) valuing means (i.e., valves to control the flow of the
gas flowing from the gas source; 4) pressure measuring means (i.e.,
pressure 10 transducer to monitor the pressure in the gas source); 5)
temperature measuring means (i.e., temperature sensor to measuring the
temperature within the gas source); 6) a heater control box to control the
heat; and 7) a flow switch to control the gas flow. In Fig. 15 5, the solid
lines in the figure refer to flow of the gas and the dashed line represents
control loops. The compressed gas storage vessel is filled with liquefied
gas under its own vapor pressure at ambient temperature. This results in a
liquid phase at the 20 bottom of the container and a vapor phase at the
top. The gas to be delivered is withdrawn from the vapor phase by fully
opening the valve. In this configuration the pressure transducer reads the
vapor pressure inside the vessel. The temperature sensor is 



25 used to monitor the surface temperature at the bottom of the vessel,
which is always in contact with the liquid phase inside. The temperature is
monitored at least, if not more, at three different locations. An average
of these readings is used in the control logic. 30 The temperature sensor
can be an infrared sensor or a tag-welded thermocouple. The control box can
be a computer or a real time logic controller. The heat to   VVO U2/U9S797
PCT/tIS01h1C18 - 20  the storage vessel is transferred using the heat
source. The heat source can be a jacket heater or a recirculating liquid
bath. The temperature of the 5 fluid in the liquid bath is maintained
through an external heater and its flow rate is controlled using a
flowmeter. The jacket heater can be powered by electricity (like a
resistance heater in the experimental setup) or by a recirculating hot
fluid. 10 Lowest heat transfer resistance is obtained if the vessel is
submerged in a heated liquid bath like water or oil and the fluid is
recirculated. If a heating jacket (electric or hot fluid) is used, then it
is preferable to use a conductive grease or rubber to 15 increase the
contact area between the heater and the vessel. The control strategy
proposed for the delivery system is schematically shown in Figure 6. The
control decisions are based on comparing the value of the 20 pressure, P,
and surface temperature, T, at current time, t, to the values at a previous
time, t-dt. This improves the safety of the delivery system by putting an
upper bound on the temperature (Tma,;) and the pressure (Pmax) and also
ensures an uninterrupted 25 delivery. A decrease in the surface temperature
with increasing flow rate is a warning of inadequate heating supply. The
surface temperature will drop if the heat transferred by the heaters is
less than the heat required for vaporizing liquid to maintain a flow rate.
30 An increase in surface temperature with a decreasing pressure indicates
boiling in the vapor film regime. In this case the energy transferred from
the vessel to the   WO (12/095797 - 21  liquid is less than the energy
required for vaporization. PCT/USO1/51C18 Under no flow condition (no
process demand for the gas) the valve is left fully open and the pressure
and ' 5 temperature as read by the transducer and the sensor are constant.
The process line is filled with the gas. When the customer requires gas a
flow switch is opened, which triggers the control loop. The pressure drops
as the gas starts to flow and depending on the flow rate, 10 the surface
temperature either remains constant or decreases. This triggers the
controller to increase the heater temperature to maintain a constant
pressure. In case of a recirculating fluid heater (liquid bath or
jacketed), either the fluid temperature or fluid flow 



15 rate can be effectively used to control the heat supplied to the vessel.
The heat supplied by the electric heaters is controlled by the voltage
applied to the heaters or by cycling the heaters on and off. The heaters
supply energy to the liquid phase leading 20 to liquid vaporization, which
maintains a constant pressure in the vessel. Any drop in pressure due to a
further increase in the flow rate demand at a constant or decreasing
surface temperature increases the power to the heaters to vaporize more
liquid. The increased 25 heat input maintains the liquid at a constant
temperature. As the flow rate demand reduces the pressure in the vessel
increases due to vapor buildup, it also increases the surface temperature
due to heat build up, 30 When both these conditions are satisfied the
controllex reduces the heater temperature. The heater temperature is also
reduced in the following two scenarios. Firstly, if a pressure or
temperature upper bound is   WO 02/095797 - 22  PCT/US01/51618 reached.
Secondly, if the surface temperature is increasing while the pressure is
decreasing (vapor film boiling). Every time before re-entering the control
loop, the flow switch is checked to confirm that the ( 5 gas is still
needed. ' Heating the whole vessel also results in heat transfer to the
vapor phase in the vessel. This leads to superheated vapor in the
container. The excess energy of the superheated vapor helps in the 10
evaporation of any metastable liquid droplets that may have carried over
into the vapor phase. Withdrawing superheated vapor from the compressed gas
source minimizes the chances of vapor condensation in the process lines,
which can be a significant problem when 15 withdrawing saturated vapor. Any
drop in temperature or a flow restriction can result in droplet
condensation in the lines while using saturated vapor. Example of Bulk
Ammonia Delivery System The following is a description of a prototype, 20
bulk ammonia delivery system, to be installed at the customer site, which
uses a possible variation to control strategy proposed above. The delivery
system consists of a ton container housed in and supported by a sheet metal
enclosure. 25 The ton container is a horizontal pressure vessel with an
internal volume of 450 L and weighs 529 kg. The ton housing has thermal
insulation applied internally. The housing is horizontally split at
approximately the ton centerline. The top half is hinged to provide 30
access for maintenance, installation and removal of the ton container. The
edges are sufficiently rigid to avoid distortion. Three circumferential
supports built   WO 02/09s797 - 23  



PCT/USO1/51(~18 into the bottom of the housing are equally spaced along the
~52" cylindrical section of the ton. The center support has provision for
mounting two infrared detectors, which monitor the ton skin surface 5
temperature. At each end of the housing a sloped guide rail, located on the
longitudinal centerline, is incorporated and connected to the end supports
to facilitate positioning of the ton container. To transfer heat to the ton
container four ceramic 10 heaters, 12" inside radius x 11"wide x 28"
cicumferential length are used. The heaters are installed in the housing
between the supports in two groups of two. The heater arrangement on the
cylindrical section of the ton container is shown in 15 Fig. 7. Each band
has a maximum operating temperature of 850F and is rated for ~3.75kW at 440
V, single phase power. Each band is equipped with a mounting flange on each
end, suitable for spring attachment. Springs are connected to the inside of
the housing such 20 that the heaters exert a clamping force against the
vessel when the ton container is lowered into position. This geometry of
band/spring/ton surface ensures that at no time do the band heaters carry
the weight of the ton container and provides optimal surface contact 25
between the heater and the vessel. This configuration will also allow
changing of ton containers without the need for repeated adjustment. Each
heater band is connected to a process controller and is equipped with two
thermocouples. One 30 thermocouple is used for control of the temperature
set point and the other for over temperature monitoring. The process
controllers for the four heaters are mounted in a common control box. The
control box   WO 02/095797 PCT/LIS111/51 l 18 - 24  applies power to the
heaters through the power junction box and reads the temperatures through
the signal junction box. Before the beginning of flow, a pressure set point
5 is entered in the universal controller. The heaters are turned off when
the pressure set point is reached and turned back on when pressure falls
below the set point. The pressure will fall due to vapor withdrawal. A
heater temperature set point is entered into each 10 process controller to
put an upper limit to the heater temperature. An over temperature condition
sends a signal to the universal controller through the control box, which
shuts the heaters off. In addition to the over temperature signal, the
heater process controllers 15 will provide a signal to the universal
controller in the event of heater burn out or failure, which will initiate
an alarm, shut off power to the heaters and initiate an auto switchover to
the standby unit. The two infrared surface temperature sensors are 20
connected to the universal controller and act as the primary safety devices
by limiting ton container wall temperature. They have a maximum
configurable value of 125F. Below the configured surface temperature, the
sensors allow the heaters to operate. If the surface 25 temperature set
point is reached on either sensor, this signal overrides the pressure
control process described above. The universal controller shuts off power
to the heaters and initiates an automatic switchover to the standby unit. A
temperature sensor is also mounted in 30 the process tubing for vapor
temperature measurement and the signal is sent to the universal controller.
In this invention, the temperature measuring means is any temperature
sensor, preferably a thermocouple. The 



W O 1121095797 - 25  PCT/CJSO1/s1618 temperature difference between the
vapor temperature and the average of the two infrared sensors is compared
to a set point configured in the controller. Temperature difference value
greater than the set 5 point is used as a warning of liquid subcooling.
This gives the operator the opportunity to reduce ammonia demand or switch
to the other ton container. To summarize the control strategy, the power to
heaters is switched on, if all of the following are 10 satisfied: 1) the
toncontainer surface temperature below set point; 2) ton container vapor
pressure below set point; 3) no heater over temperature; 4) a11 heaters
operating; 5) ton container surface/vapor temperature differential below
set point. If any one 15 of conditions 1), 3) or 4) is not met, power to
the heaters is turned off and auto-switchover to the second ton is
initiated by the universal controller. The test of the prototype delivery
system established that an average ammonia flow rate of 600 20 slpm can be
maintained for ~2.5 hrs at a delivery pressure of 90 psi without
significant'liquid sub cooling. The test also established that using the
above configuration a maximum ammonia flow rate of 800 slpm can be
delivered for 30 mins without significant 25 pressure drop in the ton
container. As used in this invention, the semiconductor gases may be any
liquefied compressible gas, and preferably ammonia, hydrogen chloride,
hydrogen bromide, chlorine and perfluoropropane. 30 Although the invention
described above operates fully, certain variations are contemplated. Some
of   WO U2/095797 PCT/LISIIl/~1G1S - 26  the modification may require
redesigning the storage vessel. The storage vessel may be designed as an
integral part of the vessel walls. This configuration will S offer heat
transfer coefficients similar to that obtained when using a hot liquid
bath. The use of internals (like fins) can be added in the storage vessel
to increase the heat transfer area. This has the potential to deliver high
flow rates at 



l0 even lower temperatures. The heat transfer will be enhanced, if a11 the
available outer surface of the vessel is heated and highly conductive
internal fins ehtending into the liquid are present, both in the vapor and
liquid space. 15 External fins can also be added to enhance the heat
transfer from the fluid bath to the vessel. A thermocouple or a thermal
well may be included in the storage vessel to enable direct liquid
temperature measurements. This allows for a more 20 robust control when the
liquid temperature, rather than the vessel pressure is maintained constant.
Molecular sieve bed or other separation unit operation, like distillation
at the exit may be used to reduce impurities like moisture in the vapor
phase, 25 thus, delivering ultra high purity gas to the point of use.
Venting some percentage of the initial vapor headspace to an abatement
system will reduce light impurities leading to delivery of ultra high
purity 30 gas.   W O 112/119S797 - 27  PCT/USO1/s1G.18 This invention may
also be operated in a continuous mode. A liquid evaporator can be designed
based on the proposed invention. The existing storage containers can be
modified to accept liquid product 5 continuously. Liquefied gas is pumped
into this evaporator, where it is continuously vaporized to deliver gaseous
product to the point of use. The rate of pumping will depend on the flow
rate demand. The flow rate demand and the required vapor temperature 10
will control the heat flux to the evaporator. Specific features of the
invention are shown in one or more of the drawings for convenience only, as
each feature may be combined with other features in accordance with the
invention. Alternative embodiments 15 will be recognized by those skilled
in the art and are intended to be included within the scope of the claims.
VVO 02/095797 - 28  What is claimed is: 



PCT/USO1/S1118 1. A method for controlling the temperature of a liquefied
compressed gas in a storage vessel comprising 5 a. passing a liquefied
compressed gas into a storage vessel; b. positioning a temperature
measuring means onto the wall of the compressed gas storage vessel; c.
positioning at least one heating means 10 proximate to the storage vessel;
d. monitoring the temperature of the compressed gas within the storage
vessel with the temperature measuring means; and e. adjusting the output of
the heating means to 15 heat the liquefied compressed gas in the storage
vessel. 2. A method for maintaining the evaporation of a liquefied
compressed gas in a storage vessel during 20 vapor delivery comprising a.
passing a liquefied compressed highpurity semiconductor gas into a storage
vessel; b. positioning a temperature measuring means onto the wall of the
storage vessel; 25 c. positioning at least one heating means proximate to
the storage vessel; d. monitoring the temperature of the compressed gas
within the storage vessel with the temperature measuring means; 30 e.
positioning a pressure measuring means at an outlet of the storage vessel;
WO 02/U1;797 PCT/USU1/S1G18 - 29  f. monitoring the pressure of the
compressed gas within the storage vessel with the pressure measuring means;
g. passing a portion of a gas out of the storage 5 vessel; and h. adjusting
the heat output of the heating means to maintain a desired pressure. 3. A
method for delivering a liquefied 10 compressed gas with a high rate of
flow comprising a. passing a liquefied compressed high-purity semiconductor
gas into a storage vessel; b. positioning a temperature measuring means
onto the wall of the compressed gas storage vessel; 15 c. positioning at
least one heating means proximate to the storage vessel; 



d. monitoring the resulting temperature with the temperature measuring
means; e. positioning a pressure measuring means at the 20 outlet of the
storage vessel and monitoring the vessel pressure; f. adjusting the heat
output of the heating means to heat the liquefied compressed gas in the
storage vessel to control the evaporation of the liquefied 25 compressed
gas in the storage vessel; and g. controlling the flow of the gas from the
storage vessel. 4. A method for delivering ammonia with a high 30 rate of
flow comprising a. passing a high-purity liquefied compressed ammonia gas
into a ton container;   WO (12/09a797 - 30  PCT/USO1/s1118 b. positioning a
thermocouple onto the wall of the ton container; c. positioning at least
one heating means proximate to the ton container; 5 d. monitoring the
thermocouple; e. positioning a pressure transducer at the outlet of the ton
container and monitoring the vessel pressure; f. monitoring the average
weight loss of the 10 liquefied compressed ammonia in the ton container; g.
adjusting the temperature from the output of the heating means to heat the
liquefied ammonia in the ton container; h. boiling the liquefied compressed
ammonia under 15 convective and nucleate boiling regimes; i. controlling
the evaporation of the liquefied compressed ammonia in the ton container
under the convective and nucleate boiling regimes; and j. controlling the
flow of ammonia from the ton 20 container. 5. A system for delivering a
semiconductor process gas with'a high rate of flow comprising 



a. a storage vessel containing a liquefied 25 compressed semiconductor
process gas; b. a temperature measuring means positioned. onto the wall of
the storage vessel; c. a pressure probe positioned at the outlet of the
storage vessel; 30 d. a heating means positioned proximate to the storage
vessel, wherein the temperature probe and pressure probe,.is used to adjust
the output of the heater to heat the liquefied compressed semiconductor
VVO 02/095797 - 31  PCT/USII1h1G18 gas in the compressed gas storage vessel
and enabling the high flow of semiconductor gas from the compressed gas
storage vessel; and e. a valve means to control the flow of the 5
semiconductor gas flowing from the storage vessel. 6. The system of any of
claims 1 to 5 wherein the storage vessel is a cylinder or ton container. 10
7. The system of any one of claims 1 to 5 wherein the heating means is a
heating jacket. 8. The system of any one of claims 1 to 5 wherein the
heating means is a ceramic heater. 15 9. The system of any one of claims 1
to 5 wherein the high rate of flow is up to about 500 slpm. 10. The system
of any one of claims 1 to 5 20 wherein the temperature measuring means is a
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.AYl.A.A3.A3a&e.A3ul.A3u.AF.AFl.A3u.AF(.AF!.AYa.A
.A.AF'1H_3O,--N}xsnid_ZU]ca]ca]ca]ca]ca]ca]ca]caU]ca]caU]ca]cRa]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]c^a]ca]c^a]c^a]ca]ca]ca]ca]ca!  T[(Wf
2b"pgh@C|wrmhc^X]cU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!CMSc~9:fgjkopz~}wqkf`[V]]ca]ca
U]ca]ca]c^a]c^a]c^a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca!""""&"%%x&y&(()9))^***)+:+m+",#,&,,--B-.(.).+...{vql
gb]W]]U]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]
ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca!.....////11-1I1J1S1?2@2a2b2223
3344444F57,9-9o;
~ytoje`[V]]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c^a]c^
a]c^a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!o;r;|;;;;@ABBB#BTBB]C^ChCCDDEDDD 



EEEEEEEEF
F}xrmhb]Wje`[V]]V]ca]caV]ca]ca]caV]ca]ca]caV]ca]caV]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]caU]ca]caU]ca
F#FMFUFF.GGGGGGGGHH-H1HHHHHHHuJzJJJNK^KxKKK~xrmhb]Xmhb]Wje`[V]]V]ca]caV]ca]
ca]caV]ca]c^a]ca]caV]ca]caV]caV]caV]ca]ca]ca]caV]ca]ca]caU]ca]caU]ca]caV]ca
]ca]ca]caV]ca]ca]caKKLLLLMMNMXMnMoM}MMMMMMMMMMMMMMMMMMM$NP~xsmhb]XSje]ca]ca
]c aU]c a]caV]ca]caV]ca]ca]cLa]c aV]c a]c aU]c
a]ca]c^a]ca]c^a]caV]ca]ca]c^a]ca]c^a]ca]ca]ca]caU]ca]ca]caV]ca
PP,P.P5Q6QbQdQQQdReRRRRRRU'V&X2XQXRXXYYYYYY\]]_zupkfa[Vc]caV]ca]ca]ca]ca]ca
]caU]ca]ca]ca]ca]ca]caV]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca!__?`@`e`g`t`{``bbccc=d@dfff+gJiiillmm%m,m<mLmtmmnytojd_ZU]ca]ca]c
aV]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]ca]c^a]ca]ca]
caU]ca]ca]ca]ca]ca]ca!nnooboooppppp
r@rrrrrssHvyyyyy|=L|wrlgb]Xjd_ZU]c]ca]ca]ca]caU]ca]ca]ca]ca]ca]caU]ca]ca]ca
]ca]caU]ca]caU]ca]ca]ca]caV]ca]caV]ca]caV]ca]ca]ca]ca]ca]ca]ca
L/C#*:rs~ytojd_ZU]ca]ca]caU]ca]ca]ca]ca]ca]caU]ca]ca]caU]ca]ca]ca]ca]ca]ca]
ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca!RX"')^f$q|Vzupje`[V]]ca]ca]c
a]ca]c^a]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c^a]caU]
ca]ca]ca]ca]ca]ca]ca!V!D]zupkfazupje`[V]]ca]ca]]ca]ca]ca]ca]ca]ca]ca]ca]ca]
caU]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca'H__>
f& !10%33&'()-  +&'10%s&'()-!v&'10%``&'()-Y'10%&'()-M3910%&'()-:
P*D10%]]&'()-_3OP^,xV73+710%&'()-!x& !10%00&'()- !|& !10%mm&'()- !t&
!10%AA&'()-  t& !10%AA&'()- :!@& !10%&'()- ,-8}rg\:!h9&M!10%ii&'()- 10 10
10F:10%&'()-!ss,!10%{{&'()-!ts,!10%YY&'()-Y4:10%&'()-M-N
}[<g\:!f10%&'()-!a3y!10%..&'()- 



10%&'()-!8 3y&10%&'()-ys10%&'()-!N9&M!10%))&'()-
T[aBg\:!f@10%&'()-9:10%&'()-y'10%&'()-910%&'()-&!10%c&'()-f!~&!10%KK&'()-f(
Wfn
2^<g\:!!n&!10%hh&'()-!x&!10%UU&'()-$10%&'()-f#-10%&'()-!10%&'()-!x&!10%UU&'
()-@2buV7f10%Z&'()-!10%Z&'()-9910%Z&'()- 1099 1099
1099!lxF6m%10%99&'()-g510%&'()-"^<uV7!}&!10%]]&'()-!~&!10%&'()-!@&!10%ZZ&'(
)-y`10%Z&'()-10%Z&'()-y-10%Z&'()-Z8p=zX6uV7!x6$10%&'()-!cna&&10%&'()-!<xa&&
10%&'()-$U10%Z&'()-!&!10%&'()-!&!10%&'()-=>?@MSc4xV4! 10%""&'()-!
10%""&'()-!10%"&'()-@10%"&'()-&L10%"&'()- 10 10 10:zX6xV4!!eL!10%&'()-3
!L!10%&'()-3 !kL!10%&'()-3 !j& &!10%~"~"&'()-!& &!10%k k &'()-fSm10%"&'()-
wxyz}oaS4&910%&'()- 10 10 10!n3.!10%&'()-!t3.!10%f"f"&'()-@, 10%"&'()-
`*10%"&'()-MLXe}[9aS4!Y}3&10%&x&x&'()-Y1!A3&10%&'()-Y1!A3&10%&'()-Y1!.3&10%
&'()-Y1!&10%&'()-S10%&'()-e4 1!""""wi[M4!Y}3&10% 10>> 10>>
10>>!q3&10%>>&'()-Y1!vs3&10%CC&'()-Y1!h3&10%55&'()-Y1!^}3&10%++&'()-Y1"""&"
##$^<M4!!P|F&10%
&'()-Z1!FF&10%&'()-Z1!NF&10%{{&'()-Z1!10%&'()-,10%&'()-&&10%&'()-$%&'((((wi
[M4!!P|F&10 1055 



1055
1055!{F&10%55&'()-Z1!vjF&10%00&'()-Z1!loF&10%&&&'()-Z1!cnF&10%&'()-Z1()9)))
,*^*zX9M4ysZ10%&'()-!0ysZ10%&'()-!N3 $10%&'()-!T3
$10%!!&'()-y`G10%&'()-!D9M!10%&'()-^**)+:+m+&,S,];
M4!a#!10%..&'()-f!s!10%cc&'()-z@l10%&'()-y10%&'()-!!10%PP&'()-y
!10%cc&'()-yS,,--B-.+...}^<.4
10cc!nf5&!10%cc&'()-f3S10%&'()-!iL-10%mm&'()-g3+-10%&'()-)10%&'()-!d#!10%mm
&'()-f......./gF4 10cc!n AF&10%n&'()-)!10%&'()-y10%&'()-f10%&'()-9910%&'()-
10cc 10cc/j//00-1S1wU3F4
10!`F&10%JJ&'()-)!c`F&10%hh&'()-)!T`F&10%&'()-)!P`F&10% R
R&'()-)!KF&10%&'()-)!AF&10%&'()-)S11234444wi[M4 10!`F&10%JJ 1055 1055
1055!{}ll4&10%55&'()-g!}F&10%CC&'()-)!vF&10%00&'()-)!IF&10%&'()-)4444F5v56a
?M4 10!`F!a9!10%;";
"&'()-!19!10%&'()-yZ10%"&'()-!10%"&'()-@10%"&'()-&L10%"&'()-67789:l;zX6M4
10!!tLt!10%&'()-!sLt!10%""&'()-!nLt!10%zz&'()-!Lt!10%b"b"&'()-9!10%&'()-!}9
!10%]"]"&'()-l;m;n;o;;;6<<=oM4 10!!tLt!10%!T3f&10%!V!V&'()-
!T3f&10%!{!{&'()- !X&&M!10%% % &'()-!T&&M!10%!!&'()- 10 10
10<=F>T?@p@DAAwU3M4
10!&+!10%^^&'()-z!&+!10%^^&'()-z!a&+!10%MM&'()-z!vs3f&10%CC&'()-
!hx3f&10%55&'()- 



!cs3f&10%00&'()- AAAABB#BTBBxY:
10!s410%5&'()-S@L10%5&'()-!10%5&'()-SL10%5&'()-&910%5&'()- 10^^ 10^^
10^^BBhCCDDED}^?xY: 10!f10%5&'()-Y
10%5&'()-10%&'()-:10%5&'()-!s'!10%55&'()-!s'!10%&'()-EDDDEE#FFdBxY: 10!!`l.
10%~5~5&'()-z*10%5&'()-y9,)!10%5&'()- `$m10%5&'()- `9m10%5&'()-
910%5&'()-FF.GGGGGGG}rg\: 10!!3&M!10%Z oZ o&'()-  105 105
105=10%5&'()-!s6Y10%55&'()-y410%5&'()-!}`l. 10%y5y5&'()-zG-H1HFIVJuJJz[<g\:
10!!3 !Y10%'0&'()-y!10%'
&'()-3!!10%&'()-3!~!10%&'()-3ffF10%'o&'()-!,&M!10%SS&'()- JJNKKdLLLLzX9.:
10'oy5m10%'o&'()-g!- 10%&'()-!~- 10%oo&'()-!xl%!10%&'()-Z!l%!10%oo&'()-Z`3
!Y10%'o&'()-yLLLLMMMMMmS9 10'oh[!10%"&'()- h[!10%"&'()- h[!10%"&'()-
!10%"&'()-Yy`10%"&'()-&910%"&'()- 



10'o 10'oMM&M4M5MLMMMNMkM39 10h[!10%"&'()- 'Z!h[!10%"&'()- -h[!10%"&'()-
h[!10%"&'()- h[!10%"&'()- 'Z!NMQMYMbMmMnMpM{MfL-9h[!10%"&'()- h[!10%"&'()-
'Z!h[!10%"&'()- h[!10%"&'()-  h[!10%"&'()-  h[!10%"&'()- {M|M}MMMMMMjK-9'Z!
h[!10%"&'()- h[!10%"&'()- h[!10%"&'()- h[!10%"&'()- 'Z!h[!10%"&'()-
MMMMMMMMiK19h[!10%"&'()- 'Z! h[!10%"&'()-  



h[!10%"&'()-  h[!10%"&'()-  h[!10%"&'()- h[!10%"&'()-
MMMMMMMMkQ79hh[!10%"&'()- h[!10%"&'()- h[!10%"&'()- 'Z!h[!10%"&'()-
h[!10%"&'()- h[!10%"&'()- MMMMMMMMlR39h[!10%"&'()- h[!10%"&'()-
'Z!h[!10%"&'()- h[!10%"&'()- h[!10%"&'()- 'Z!MNNNN"N#N$NkM49h[!10%"&'()-
'Z!h[!10%"&'()- h[!10%"&'()- h[!10%"&'()- 'Z!h[!10%"&'()-
$NNOGPPQRR|[:-910! x&3%10%!&'()-F" &3%10%] &'()-F"% &t&3%10% &'()-F" &3%10%
&'()-F" &3%10%p p&'()-F" &3%10%kk&'()-F"RRRRRRSTbA910!  b  3&10%/#)/&'()- 



T 3&10%!['!&'()-  &Yf`10%)&'()- &!10%)&'()-
&910%)&'()-10!10!TUU'VVWX|[:A910!  !10%)&'()-. x !10%)&'()-.  !10%-)&'()-.
&kF10%)&'()- 3&10%)&'()-  v |3&10%C)C&'()- XYYYYYYYZvU410 b 3&10%/()/&'()-3
&!10%)&'()- &lS`10%)&'()- &&&10%)&'()-10)10)10) x
!10%)&'()-.Z[\\]^_|[:vU410 b o3!10%)&'()- & i3!10%)&'()- & 3!10%)&'()- &
3&10%s'&'()-3  x3&10%L)L&'()-3 v 3&10%C()C&'()-3_b`c`d`e`t`{``XavU410 q
3&10%>@)>&'()-  &!10%)&'()- &l,`10%)&'()- &&910%)&'()-10)10)10)
j3!10%)&'()- Xacbbb.ccd|[:vU410 q &@#M!10%(&'()-y& x& 10%)&'()-& t& 10%;
)&'()-& &  10%)&'()-  3&10%LN)L&'()-   3&10%Q)Q&'()- d#e4ffffff+gvU410
~&`!10%%)%&'()-  &`!10%+)+&'()- 10)10)10)& &@#M!10%)&'()-y s&@#M!10%)&'()-y
s&@#M!10%)&'()-y+gghJiijk|[:vU410 ~ t9 "10%q)q&'()-  9 "10%Y)Y&'()-  &f9
"10%"'&'()- & v YS&10%o'&'()-3 Y YS&10%)&'()-3 ^
YS&10%$&'()-3klllmmmm%m|obU410 &L10%k)&'()-10`4(`10`4(`10`4(` `8
10%`4(`&'()-& &610%)&'()- &9 "10%,&'()-  s9 "10%)&'()-
%m,m<mtmmVnbo|[:bU410 & "S'!10%|k)|&'()- S'!10%xk)x&'()- &` @10%k)&'()-& T0
10%P?'P&'()- &!10%k)&'()- &lf`10%k)&'()-booqp}q r@rr|[:bU410 &
&a96!10%k)&'()-  3410%k)&'()- s`!!10% k) &'()-& t`!!10%(&'()- `!!10%(&'()-
&9y  10%k)&'()-rrrrrssstvU410 q 



3 &10%>)>&'()-4 ~3 &10%K ()K &'()-4 b 3@&10%/(/&'()-
V3@&10%#)#&'()-10{%10{%10{% 96!10%{%&'()-tuHvvwxyy|[:-410(q |&L!!10%(&'()-~
x&L!!10%)&'()-b x&L!!10%(&'()-V &L!!10%{({&'()- 3 &10%(&'()-4  s3
&10%[)[&'()-4yyyyyyRzO{bA410(q  q 3&10%>)>&'()-y q 3&10%>%>&'()-y
&y10%)&'()- o&&M!10%<&<&'()- v&&M!10%C)C&'()-10(10(O{U||-}4~C|[:-410)q }`!
"10%)&'()- n`! "10%)&'()- n`! "10%(&'()- `! "10%)&'()-  x3&10%[.([&'()-y z
}3&10%G@)G&'()-y=LbA410)q  &SfU10%)&'()- &!10%)&'()- &f10%)&'()-
&l@M10%)&'()- &L10%)&'()-10)10)/|[:A410)q  n3&10%R$&'()-3"
x3&10%s)s&'()-3"  s3&10%i(i&'()-3"  x3&10%Q)Q&'()-3" q 3&10%>)>&'()-3"
&K3&10%-)&'()-3"/vU410 &!10%)&'()- &l`10%)&'()- &&&10%)&'()-10)10)10)
nL90!10%)&'()-   L90!10%{({&'()-  wC|[:vU410 & &"310%)&'()-& sL!10%6)&'()-&
L!10%)&'()- L!10%{){&'()- &3&10%&'()-  l 



3&10%9)9&'()- Can|[NA41010i)i10i)i10i)i&  slF+&10%i)i&'()-z&
ilF+&10%[6)[&'()-z z lF+&10%G'G&'()-z &$ 10%%(&'()-z &f&$
10%)&'()-z#*:r|[:NA41010 v FHz&10%0)0&'()-8 & b FHz&10%(&'()-8 &
&t810%)&'()- &!10%)&'()- &Y@M10%)&'()- &L10%)&'()-.|[:NA41010
1&10%L*%L&'()-z& 9f!10%)&'()-Z& }9f!10%)&'()-Z 9f!10%)&'()-Z
9f!10%l'l&'()-Z &N9f!10%)&'()-ZsvU410 &yG10%)&'()-F &,L10%)&'()-
&!10%)&'()- &&L10%)&'()-10L)L10L)L10L)L  1&10%L)L&'()-zs|[:vU410 & z
9$&10%4)4&'()- &  S9$&10%K(&'()- &  tFf&10%|*(|&'()-&  sFf&10%`#)`&'()-
Ff&10%C)C&'()- &kY10%)&'()-vU410 &!10%)&'()- &l,M10%)&'()-
&L10%)&'()-10i)i10i)i10i)i  s9$&10%i)i&'()-   j9$&10%Q)Q&'()- RX|[:vU410 &
!10%)&'()-& !10%{2){&'()-& !10%v(v&'()-  3%10%L(L&'()-z 3%10%Y )Y &'()-z
&fZ10%)&'()- X|[NA41010)10)10)& ts610%)&'()-& &/310%)&'()- &L@#'!10%&'()-
}L@#'!10%v)v&'()- L@#'!10%l(l&'()-)^f$|[:NA41010 &s10%)&'()- & F@%10%F X&F
&'()-F& q 



F@%10%+)+&'()-F &y10%)&'()- `!10%KK(K&'()- `!10%C)C&'()-$|[:NA41010
e3"!10%)&'()-F& 3"!10%q(q&'()-F& &, 10%)&'()-  &`10%)&'()-  i9!10%{({&'()-
9!10%^)^&'()-qyz{||[NA41010)10)10)& &l710%)&'()-& &`y210%)&'()-G
&L010%)&'()- &`*!10%)&'()- `*!10%l)l&'()-|km|[:NA41010 F&10%$&'()-&
F&10%>)>&'()-& g F&10%!)!&'()- &!10%)&'()- &,L10%)&'()- &&910%)&'()-nvU410
&y 10%)&'()- &,L10%)&'()- &9L10%)&'()-10q)q10q)q10q)q oLf!10%q)q&'()-
Lf!10%T(T&'()-$r|[:vU410 &  `Y z&10%+(+&'()-& ]Y z&10%4%&'()-& v `Y
z&10%)&'()- v Y z&10%&&'()- & .10%)&'()- &!10%)&'()-V/|[:vU410 & x``s!!10%{
({&'()-& ``s!!10%v)v&'()-& ``s!!10%^&^&'()- &`s!!10%&'()- `s!!10%Y)Y&'()-
\`Y z&10%(&'()-C!gvU410 &,!10%e$&'()- ~&`!10%k$k&'()-3
q&`!10%^$^&'()-310(10(10( |``s!!10%(&'()- ``s!!10%l&&'()-gm|[:vU410 & !10%f
&'()-~ !10%$&'()-q !10%"&'()- &!10%$&'()- &10%$&'()- ",!10%$&'()-j{|[:vU410
& &@/S10%$&'()-~ &-10%$&'()-q &L'!10%-&'()- L'!10%$&'()- &!10%j$&'()-
!10%e$&'()-.~vU410 &l@`10%$&'()- &&L10%$&'()-10$10$10$ `3l10%$&'()-
&`3l10%&'()- &2&10%$&'()-1S|[9vU410 !!10%y y &'()- 6 10%#$#&'()- & 10%&'()-
" 10%s!&'()-  10%R$&'()- &!10%$&'()-"|[:vU410 ! `'&!10%"&'()- &!10%#&'()-
!10%#&'()- &t`!10%$&'()- !10%V$&'()- &!10%!&'()-r|obU410
&&`10%)&'()-10#10#10# x`'&!10%#&'()- `'&!10%n$&'()- `'&!10%$&'()-
&\`'&!10%!&'()-D|[:bU410 & x9`10%l)l&'()- &y10%)&'()- S`F%10%A 'A &'()-3 g
F%10%!)!&'()-3 &!10%)&'()- &l@`10%)&'()-]||[:bU410 & x9`10%l)l&'()-
&y10%)&'()- &X"10%)&'()-3 &st10%)&'()- &`S10%)&'()- &M10%)&'()- Normal"
"Heading 13]c" "Heading 23]c" "Heading 33]c" "Heading 43]c" "Heading 53]c"
"Heading 63]c" "Heading 73]c" "Heading 83]c" "Heading 93]c"A "Default
Paragraph Font?y%+1n8>DIOVd]cjov|{C.o; FKP_nLV}~_, 2=e"$(^*S,./S146l;
<=ABEDFGJLMNM{MMMMM$NRTXZ_Xad+gk%mbortyO{/CsX$|g6Times New
RomanArialCourier New"h Root EntryWordDocumentj
!"#$%&'()*+,-./0123456789:;
<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~ 




