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APPARATUS AND METHOD FOR OXIDIZING UNDIGESTED
WASTEWATER SLUDGES

BACKGROUND OF THE INVENTION

This invention relates to wastewater treatment and more particularly, to the

treatment of undigested wastewater sludges. The invention includes both an apparatus and

method for economically oxidizing sludges to produce products which may be discharged

into the environment or readily disposed of.

Municipal and other wastewater treatment plants use various processes to break

down the raw sewage influent and produce a sewage sludge. The final sludge product

includes water, organic material, and smaller quantities of inorganic and inert material.

A typical wastewater treatment plant first produces a primary sludge collected from

a primary clarifier or sedimentation unit. A secondary sludge is collected from a holding

basin after a process is applied to the material remaining after removal of the primary

sludge. The water separated from the secondary sludge is commonly treated with a

disinfecting agent such as chlorine and then dischirged from the plant. The process used

to produce the secondary sludge may be a biological process such as an activated sludge

process, a trickling filter system, an aerated lagoon, or a rotating biological contactor.

The process may also be a physical-chemical process. The combined primary and

secondary sludges are commonly thickened, and then digested to further break down the

organic material. Finally, the digested sludge is dewatered to produce a material which

may be disposed of in some manner.

There are a number of problems associated with these common wastewater

treatment plants. First, the facilities are expensive and difficult to operate and generally

provide no useful products. The sludge from some wastewater treatment facilities may be

composted to produce a material suitable for use as a soil amendment or fertilizer,

however, this by-product is made only at considerable cost. Sludges which are not used

to make a compost leave the problem of disposal.

A hydrothermal process known as supercritical water oxidation has been suggested

for completely oxidizing digested sewage sludges and other organic wastes. Another

hydrothermal process commonly referred to as wet air oxidation has been used for

oxidizing various organic materials. As used herein, "wet air oxidation" refers to a
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hydrothermal oxidation process conducted at lower than the critical temperature for water,

whereas "supercritical water oxidation" refers to a hydrothermal oxidation process which

is carried out at supercritical conditions for water, that is, at or above the critical

temperature and the critical pressure. The critical temperature for pure water is

approximately 705F (3740C) while the critical pressure is 3199 psia (220.4 bar). The goal

of either process is to destroy the organic material in the sludge by oxidation. While wet

air oxidation generally cannot achieve complete oxidation of a particular feed, supercritical

water oxidation may oxidize substantially all organic material in the reaction mixture

leaving water, CO2 N2 and inorganic materials such as metals, salts, sand, and clay.

The amount of organic material to be destroyed in a waste such as a sewage sludge

may be described in terms of the chemical oxygen demand or COD of the material.

Generally, the COD of a given material is the amount of oxygen required to completely

oxidize the material. Also, both wet air oxidation and supercritical water oxidation are

f-/ihermal reactions and the feed materials for the reactions may be described in terms

of their heating value, commonly expressed in Btu/pound of feed material. Sewage

sludges may further be described in terms of volatile suspended solids or VSS in weight

percent. VSS may be defined as the relative organic material content of the total mixture.

U.S. Patent No. 4,338,199 to Modell (the "'199 Patent") suggests that sewage

sludges may be reacted with an oxidant at temperatures and pressures at supercritical

conditions to substantially remove all COD from the sludge. The '199 Patent teaches

initiating the oxidation reaction only at supercritical conditions to achieve the desired

destruction of organic material. The disclosed system requires a feed having a low organic

material concentration or COD in order to maintain the reaction temperature at acceptable

levels in the supercritical water oxidation reactor. Temperatures above approximately

1100°F to 12000F may weaken reactor vessel materials to a point at which the material is

unable to withstand the force from the pressure of the reaction mixture. Furthermore,

reaction temperatures above 1400°F may cause the formation of NO.

U.S. Patent No. 5,240,619 to Copa (the "'619 Patent") discloses a two stage

oxidation reaction for high strength wastewaters. In the process shown in the '619 Patent,

most of the COD is removed in a wet air oxidation reaction conducted in a separate

reactor. Any remaining COD is removed in a supercritical water oxidation reactor.
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Neither the '199 Patent, nor the '619 Patent is directed to the treatment of

undigested sewage sludges. The '199 Patent cannot accommodate the oxidation of high

strength undigested sewage sludges and relies on digestion of the sludge or dilution to

produce a feed mixture having a lower COD and heating value. The system disclosed in

the '619 Patent requires a separate subcritical or wet air oxidation reactor to retain the

material at subcritical conditions for a sufficient time to remove the bulk of the COD.

Thus, the '619 Patent process requires additional equipment and relatively long residence

times to accommodate the relatively slow separate subcritical oxidation process.

U.S. Patent No. 5,433,868 to Fassbender (the "'868 Patent") is directed specifically

to the treatment of dewatered sewage sludge and primarily to the problem of removing

nitrogen compounds from the discharge stream of the treatment plant. The process

disclosed in the '868 Patent preferably includes liquefying the sewage sludge in an alkaline

digestion process to produce a low ammonia content stream and a high ammonia content

stream. This high ammonia content stream is subjected to a hydrothermal process to

destroy most of the ammonia in the stream. In another embodiment, the '868 Patent

suggests that an undigested, dewatered sewage sludge may be treated with a hydrothermal

process to remove nitrogen. However, where the hydrothermal process is applied to the

complete dewatered undigested sludge, the removal efficiency for nitrogen compounds is

reduced. In any event, the effluent from the hydrothermal process is not a clean product

and must be returned to the treatment plant ahead of the primary clarifier.

SUMMARY OF THE INVENTION

It is an object of the invention to provide an apparatus and method for wastewater

treatment which overcomes the above-described deficiencies and others associated with

prior wastewater treatment systems. More particularly, it is an object of the invention to

provide an apparatus and method for quick and cost effective treatment and oxidation of

an undigested sewage sludge.

In order to accomplish these objects, a wastewater treatment facility according to

the invention includes a hydrothermal processing component integrated with the treatment

plant so as to maximize the use of energy from the hydrothermal reaction. According to

the invention, heat energy from the hydrothermal reaction may be used to condition and

preheat the feed material to produce a relatively high COD or VSS feed mixture. The
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hydrothermal process may also be integrated to economically recover mechanical energy

which may be used to produce electricity or to recover useful steam. Also, the invention

includes a robust arrangement for reducing the pressure of the effluent from the

hydrothermal process.

The hydrothermal processing arrangement according to the invention is particularly

adapted for using a feed comprisig an undigested sewage sludge. The invention takes

advantage of the higher heating value and make-up of an undigested sludge and eliminates

the digestion and dewatering steps commonly performed in a wastewater treatment plant.

The elimination of these digestion and dewatering steps saves significant costs and

enhances the overall economics of the system. The invention is not limited to undigested

sewage sludges, but may be useful in economically processing any feed material which

includes a sufficient concentration of low light-off temperature constitbuients and has a total

heating value within a certain range.

The preferred form of the invention takes a thickened, undigested sewage sludge

from the wastewater treatment plant to form a feed mixture having a VSS of approximately

to 14.4% by weight. This equates to a feed mixture heating value of 100 Btu to

1400 Btu per pound. After conditioning the sludge to produce the feed mixture comprising

organic material, inert and inorganic materials, and water, the feed mixture is pressurized

to a supercritical pressure using a high pressure pump. The pressurized feed mixture is

then heated in a primary heat exchanger by heat exchange with hot effluent from a

supercritical water oxidation reactor.

According to the invention, the temperature of the feed mixture is increased above

a light-off or reaction initiating temperature for some of the constituent organic material.

An oxidant is injected into the feed mixture at a point or points in the process at which the

feed mixture is at a critical pressure and a subcritical temperature, for example 2500F to

4501F, to initiate an oxidation reaction. Initiating the oxidation reaction at this subcritical

reaction initiating temperature produces heat to raise the temperature of the remainder o,

the feed mixture to a supercritical temperature either before the mixture enters the

supercritical water oxidation reactor or while the mixture is in the reactor.

The benefit of initiating the oxidation reactions at a subcritical temperature is

twofold. First, the heat of reaction provides a significant amount of the sensible heat

required to raise the feed mixture to a supercritical temperature. Capturing the heating
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value of the sludge along with heating the feed mixture by heat exchange with the reactor

effluent yields a significant energy savings. Second, by beginning the reactions at

subcritical temperatures, a larger temperature rise can be accommodated before reaching

the maximum operating temperature, 1400°F for example, and thus, higher concentrations

of sludges can be fed to the unit. If, however, oxidant addition was delayed until after the

sludge had been heated to a supercritical temperature, then the allowable temperature rise

due to the heat of reaction would be much smaller and the COD and VSS of the feed

mixture would be limited to a lower value.

In another aspect of the invention, a solids separator receives the supercritical water

oxidation effluent to form two effluent streams, a clean fluid effluent and a solids laden

fluid effluent. The clean fluid effluent is directed to a pressure reducing arrangement to

reduce the pressure and produce a standard quality steam, such as a 600 psig steam for

example. Although this standard quality steam may be used for any suitable purpose, the

steam is preferably expanded across a steam turbine which may be connected to drive an

electrical generator. Thus, the system according to the invention may economically

recover electrical energy from the energy of the supercritical water oxidation reaction and

any additional energy required to achieve the desired subcritical reaction initiating

temperature.

The invention also preferably includes an arrangement for using heat from the

supercritical water oxidation effluent to condition the sludge from the wastewater treatment

plant. The conditioning may include reducing the water content of the sludge, preheating

to provide some of the initial energy required in the overall process, or preheating to

reduce the viscosity and improve the overall flow characteristics of the sludge, or any

combination of these steps.

In the preferred form of the invention, heat from the supercritical water oxidation

reaction is further recovered from the solids laden fluid after solids separation. This solids

laden fluid is preferably passdd through a secondary heat exchanger to heat the feed

mixture prior to the point at which the feed mixture enters the primary heat exchanger.

The invention further includes an arrangement for reducing the pressure of the

solids laden portion of the supercritical water oxidation effluent. The arrangement

combines the robustness and reliability of a static pressure reducing device with the

flexibility and control of a pressure regulating valve. According to the invention, a static
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pressure reducing mechanism first reduces the pressure of the solids laden effluent to a gas

phase pressure to allow both a liquid and gas phase to exist. The mixture is then allowed

to segregate by gravity in a pressure vessel. An off gas releasing conduit is positioned at

the top of the pressure vessel and includes a back pressure regulating valve operated to

maintain the gas phase pressure in the pressure vessel. A liquid conduit draws solids laden

liquid from the bottom of the vessel and includes a liquid removal valve. The liquid

removal valve is opened periodically under the control of a mechanism adapted to maintain

a desired liquid level in the vessel. The liquid removal valve, unlike a standard pressure

regulating valve, operates in either a full-open or full-closed position. It is, therefore, not

subject to the severe erosion from solid particles that would occur in a pressure regulating

valve where the flow area is much smaller and fluid velocities much higher. Pressure

transients within the separation vessel which may be caused by the opening or closing of

the liquid removal valve are effectively dampened by the expansion or compression of the

gas volume above the liquid. Changes over time in the pressure drop across the static

pressuring reducing device due to erosion are compensated for automatically by the back

pressure regulating valve in the off gas releasing conduit. Thus, the pressure of the solids

laden effluent stream is safely and economically reduced to atmospheric or near

atmospheric pressure without the problems normally associated with the pressure let down

from a high pressure solids laden steam.

These and other objects, advantages, and features of the invention will be apparent

from the following description of the preferred embodiments, considered along with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 is a diagrammatic representation of a wastewater treatment facility and

integrated hydrothermal treatment process embodying the principles of the invention.

FIGURE 2 is a diagrammatic representation of the preferred hydrothermal process

according to the invention.

FIGURE 3 is a diagrammatic representation of a sludge conditioning arrangement

embodying the principles of the invention.
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DESCRIPTION OF THE PREFERRED EMBODIMENTS

As shown in Figure 1, the invention incorporates a hydrothermal processing unit

into a wastewater treatment plant 12. According to the invention, the hydrothermal unit

receives and treats all solids from the plant other than material removed from the initial

screening units 14. The hydrothermal unit 10 operates to oxidize substantially all organic

material in the undigested sludge from the treatment plant and produce an off gas, water,

and inert or inorganic material. The off gas comprises primarily CO2 with relatively small

amounts of N2 02, and water vapor, and may further include some very minor quantities

of volatile organics, CO, and NO,. The off gas may be released to the atmosphere or

recovered for some use. The water from the hydrothermal unit 10 is clean enough to

return at any point in the facility, preferably either to the plant discharge 16 or to the

chlorine contact basin or chamber 18. The inert or inorganic solids may comprise sand,

clay, salts, and metals, and may be disposed of in any desired manner consistent with any

applicable regulations,

The wastewater treatment plant 12 receives raw sewage influent at the preliminary

units 14 which separate out materials such as coarse solids, grit and grease. After the

preliminary units 14, the raw sewage is directed to a primary sedimentation basin or a

clarifier 19 which allows a primary sludge to settle out for removal through line 20. After

the primary sludge is removed, the remaining material is subjected to a suitable treatment

process 22. The treatment process may be a biologically based process such as an

activated sludge process, a trickling filter system, an aerated lagoon process or a rotating

biological contactor. The process may alternatively comprise a physical-chemical process.

Regardless of the particular process employed, the processed material is again held in a

settling tank 24 to allow a secondary sludge to settle out. This secondary sludge is

removed from the settling tank 24 through line 26 and the water is removed from the

settling tank and treated with chlorine in the chlorine contact chamber or basin 18. The

chlorine or chlorine containing compound such as sodium hypochlorite is injected from

injection unit 28.

The primary and secondary sludges are combined and thickened by one or more

thickening units 30 to produce an undigested, thickened sewage sludge. The water

removed in the thickening process is recycled through the plant 12 and commonly returned

to the primary sedimentation basin 19. The thickened, undigested sludge commonly has
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a total suspended solids concentration in the range of 2% to 10% by weight while the

unthickened sludge may have a total suspended solids content of approximately 0.5% to

7% by weight. The solids in the undigested sludge include organic solids such as

cellulosic materials and other biological materials, inorganic materials such as sand, clay,

metal and salts, nitrogen compounds and phosphorous compounds, for example.

Those skilled in the art will appreciate that some wastewater treatment facilities do

not include a primary clarifier such as unit 19 in Figure 1. In these facilities, only a single

sludge is collected after the application of the particular treatment process such as process

22. This single sludge is to be considered equivalent to the combined primary and

secondary sludges for purposes of this disclosure.

Referring to Figure 2, the hydrothermal unit 10 collects thickened and conditioned

wastewater sludge or feed mixture in a feed tank 40. A pump 42 preferably comprising

a grinder pump, feeds a high pressure pump 44 through a suitable check valve 45. A

supply pressure control device 46 maintains a desired input pressure to the high pressure

pump 44 and returns the excess feed mixture back to the feed tank 40. The device 46 may

comprise capillary tubes, an orifice, or a control valve. The high pressure pump 44 may

comprise a variable speed pump or other suitable pump and operates to pressurize the feed

mixture to a supercritical pressure, that is, a pressure above the critical pressure for water,

approximately 3200 psia. Preferably the pressure applied by the pump 44 is in a range

from 3600 psia to 4500 psia.

The pressurized feed mixture is directed to one or more heat exchangers and

preferably a primary heat exchanger 48 and a secondary heat exchanger 50. The primary

heat exchanger 48 may be any suitable arrangement for transferring heat from the effluent

from supercritical water oxidation reactor 52 to the feed mixture. The heat exchanger 48

is referred to as the primary heat exchanger because it is the primary mechanism for

raising the feed mixture temperature to reach a desired reaction initiating temperature

discussed below. Where the secondary heat exchanger 50 is used, it is positioned ahead

of the primary heat exchanger 48. The secondary heat exchanger 50 transfers heat from

a portion of the supercritical, water oxidation effluent to the feed mixture to recover

additional energy from the supereritical oxidation reaction and provide preheating.

Similarly to the primary heat exchanger 48, the secondary heat exchanger 50 may
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comprise any suitable heat exchanger arrangement including a tube-in-tube or shell and

tube heat exchanger, for example.

The preferred form of the invention includes a heat exchanger bypass arrangement

or means 47 for selectively allowing a portion of the feed mixture to bypass the heat

S 5 exchange arrangement. The heat exchange bypass means 47 includes a bypass conduit 49

and a control valve 51. The control valve 51 is controlled by the temperature sensed by

a suitable sensing device (not shown) at a point after the heat exchange arrangement and

conduit 49. The heat exchange bypass means compensates for heat exchange rate

variations due to scaling in the heat exchangers or variations in flow rate, When the

temperature sensed by the sensor is higher than a target temperature, the sensor causes an

actuator (not shown) associated with the valve 51 to open the valve allowing a portion of

the feed mixture to bypass the heat exchangers and reduce the temperature of the mixture

downstream of the heat exchangers.

The feed mixture is heated to at or near a reaction initiating temperature with the

heat exchanger arrangement. The reaction initiating temperature depends upon the

constituent organic material included in the feed mixture. According to the invention, the

reaction initiating temperature is below the critical temperature for water, that is, below

7050F, but at or above a temperature at which low light-off temperature constituents in the

feed mixture will at least partially oxidize in the presence of an oxidant. This reaction

initiating temperature may range from approximately 200°F to 675°F and will depend upon

the nature and concentration of low light-off temperature constituents. These constituents

typically include carbon-sulphur, carbon-nitrogen, carbon-chlorine, carbon-carbon bonds,

and carbon-oxygen single bonds, The low light-off temperature constituents begin to

oxidize at the reaction initiating temperature to release heat. Because the mixture is

sufficiently pressurized to prevent steam formation, the heat from this initial oxidation

increases the temperature and total enthalpy of the now partially oxidized mixture.

It is important to note that the low light-off temperature constituents of the feed

mixture may not completely oxidize at the reaction initiating temperature. Rather, the

initial oxidation reaction may form more stable or higher light-off temperature intermediate

organic compounds. As the temperature rises from the initial reaction temperature in the

presence of sufficient oxidant, more and more of the low light-off temperature constituents
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are removed from the mixture and the intermediate products begin to oxidize further

releasing more heat to reach the critical temperature for water.

The hydrothermal unit 10 also includes feed mixture temperature adjusting means

preferably comprising a heater/cooler 54. The heater/cooler 54 is operated by a control

arrangement (not shown) to adjust the temperature of the feed mixture entering the reactor

to obtain a specified temperature value within the reactor 52. Typically, the temperature

of the reactor effluent is used to control the heater/cooler 54, although any one of several

temperatures measured along the length of the reactor can be used for this purpose. The

heating or cooling applied by the heater/cooler 54 is dependent upon the COD (heating

value) of the feed mixture and the amount of heat recovered in the primary and secondary

heat exchangers. Specifically, the COD of the feed mixture determines the ultimate

sensible heat effect of completely oxidizing the sludge. The heat exchanger and bypass

arrangement 49 are the primary variables that determine the amount of feed preheating

obtained because the initial temperature of the feed mixture and the outlet temperature of

the reactor 52 are held constant. In the preferred form of the invention, the bypass

arrangement and the COD of the feed mixture are controlled to minimize the heat that

must be added or removed through the heater/cooler 54.

An oxidant is injected into the feed mixture through a suitable mechanism prior to

a point at which the feed mixture reaches the critical temperature for water. The injection

point may be before or after the primary heat exchanger 48 and preferably after the

heater/cooler 54. The oxidant is provided from an oxidant supply 56 and pressurized to

an injection pressure by compressor 58. The preferred form of the invention also includes

a vaporizer 60 for ensuring that the oxidant is injected in a gas phase. Suitable valving

in the oxidant injection lines 61a, 61b, or 61c, may be used to control the point at which

oxidant is introduced into the feed mixture. The oxidant may comprise air or pure

oxygen. Alternatively, a liquid such as hydrogen peroxide, nitric acid, or solutions of

nitrate salts may be used as an oxidant.

The temperature of the feed mixture and the feed mixture itself are controlled to

partially react the feed mixture and drive the temperature of the partially reacted mixture

to a supercritical temperature in or before the supercritical water oxidation reactor.

Initiating the reaction in the system conduit such as in lines 62, 63, or 64 before the

supercritical water oxidation reactor 52 produces several benefits. First, the early
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oxidation reaction accommodates a larger temperature rise (due to the heat of reaction)

before reaching the maximum operating temperature for reactor 52 approximately 950 F

to 14000F. Thus, the feed mixture may contain higher concentrations of sludges.

Secondly, initiating the reaction at subcritical conditions allows the heat generated in the

5 subcritical reaction to heat the feed mixture to near the critical temperature for water and

significantly reduces the amount of heat which would otherwise be required to be added

through a heater.

The supercritical water oxidation reactor 52 may be any suitable reactor type made

from materials which can withstand the temperatures and pressures produced in the

supercritical water oxidation reaction. For example, the supercritical water oxidation

reactor 52 may comprise a small diameter elongated tube or a coiled tube. The tube inner

diameter will depend upon system capacity and velocity and the nature of the feed mixture,

but may range from 1.25 inches to 6 inches to achieve flow velocities in the system

between approximately 2 feet to 14 feet per second. The primary requirement for the

supercritical water oxidation reactor 52 is that the reactor provide sufficient residence time

at supercritical conditions to completely oxidize substantially all organic material in the

feed mixture. Since the supercritical water oxidation reaction proceeds very quickly, the

residence times in the reactor may be as low as 10 seconds. However, the preferred

reactor 52 is arranged to have a residence time of approximately one minute to ensure the

reaction is completed. Although not shown in the drawing, the reactor 52 may also

include one or more ports through which cool water may be injected if necessary to control

the temperature of the reacting mixture.

The heat duty of the heater/cooler 54 will be controlled by the maximum

temperature sensed by any one of several temperature sensors located in tile reactor 52,

The preferred control method would also include inputs from temperature sensors located

before and after the primary heat exchanger 48 which cause the heater/cooler 54 to stop

firing in the event of an unusually high temperature at these locations. For example, a

sudden large increase in the heating value of the feed mixture might cause a temperature

excursion in the primary heat exchanger 48 (assuming oxidant addition before the heat

exchanger 48) which would cause the heater/cooler 54 to stop firing, overriding the

temperatures signals from the reactor. An additional temperature control safety feature

would consist of a quench pump that injects cold water into the process conduit before or
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after the heater/cooler 54 to cool the reaction mixture in the event of a reactor temperature

exceeding a predetermined setpoint, typically 1200°F.

The effluent from the supercritical water oxidation reactor 52, which may be at a

temperature of between 950°F and 1400'F, and preferably around 1100°F, is used as a heat

exchange fluid in the primary heat exchanger 48. This heat exchange reduces the

temperature of the supercritical effluent to a, ture in a range between 450°F and

1000°F. In the illustrated preferred form of the invention, which uses a portion of the

reactor effluent to produce electricity, the temperature of the reactor effluent will be

generally 900F or better depending primarily on the requirements of the device used to

produce electricity. Thus, in this preferred form of the invention, effluent remains above

critical conditions and this reduced temperature, supercritical effluent is directed to a solids

separator 66.

The solids separator 66 operates to split the reactor effluent into two components.

The first component comprises a clean supercritical fluid effluent while the second

component comprises a supercritical fluid effluent containing or laden with inert or

inorgai.ic solids. The solids contained in this second component will include inorganic

materials such as sand, clay, and precipitated salts which have a low solubility in water

at supercritical conditions. The solids separator 62 may comprise a hydrocyclone device

or a centrifuge, or any other suitable solids separating device capable of operating at

supercritical conditions. Those skilled in the art will appreciate that the solids separator

66 may receive a subcritical effluent in which the two output streams would also include

subcritical fluids.

The preferred clean supercritical fluid effluent is removed from the solids separator

through a pressure regulator valve 70. The pressure regulator valve 70 reduces the

pressure of the clean supercritical fluid effluent to a suitable pressure for a standard quality

steam, along with gasses produced in the oxidation process, primarily COz, N2 and excess

oxygen. For example, the pressure may be reduced to produce a 600 psig steam at a

temperature of between approximately 650°F and 7500F. This standard quality steam may

be used to drive a turbine 72. The turbine 72 may be connected to drive an electrical

generator (not shown) for producing electricity.

In the preferred form of the invention, heat from the clean supercritical fluid

effluent is used to condition the sludge from the wastewater treatment plant. In the
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illustrated form of the invention, the low pressure exhaust from the turbine 72 is directed

to a sludge conditioning arrangement or means 74. The sludge conditioning means 74

serves to thicken the sludge further and preferably heat the sludge to reduce its viscosity

and otherwise enhance the pumpability of the sludge. The heat added to the sludge at this

point also helps raise the sludge temperature to the reaction initiating temperature.

Alternatively to using the turbine exhaust to condition the sludge, the high pressure

steam may be used directly by the sludge conditioning means 74. For example, the high

pressure standard quality steam may be directed from the regulator 70 to a heat exchanger

(not shown) to heat the sludge and evaporate water to increase VSS of the feed mixture.

Referring to Figure 3, the preferred sludge conditioning means 74 includes a heat

exchanger/condenser 80 and a blower 82. The heat exchanger/condenser is adapted to

receive the turbine exhaust steam in a heat exchange relationship with the sludge or other

waste. The steam will include CO 2 N2 and any other reactor effluent gas and may be

below atmospheric pressure and at a temperature from 135°F to 150 0F, for example. The

heat exchange with the steam raises the temperature of the sludge, while blower 82 forces

air over the surface of the sludge to help remove water evaporating from the sludge. The

steam condenses in the heat exchanger/condenser 80 and is pumped back to atmospheric

pressure by condensate pump 84. In the preferred form, the heat exchanger/condenser 

comprises a U-shaped trough having a jacket (not shown) for receiving the steam. Heat

is exchanged between the steam in the jacket and the sludge in the trough An auger or

other suitable agitator in the trough continuously moves the sludge and may even scrape

the bottom surface and sides of the trough to provide more even heating, enhance

evaporation, and prevent sludge from baking onto the surface of the trough. An area

above the trough is left open for allowing air from the blower 82 to pass over the surface

of the sludge in the trough.

In an alternate sludge conditioning arrangement, not shown in the drawings, a

blower may be used to force air over an air cooled condenser which accepts the turbine

exhaust steam. The blower air is heated by the condenser and this hot air stream may be

directed over the sludge to help evaporate water from the sludge and heat the sludge

somewhat.

Referring back to Figure 2, the solids laden supercritical fluid from the solids

separator is preferably used as a heat exchange fluid for the secondary heat exchanger 
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This additional heat exchange with effluent from the supercritical water oxidation reaction

makes maximum use of energy from the reaction. However, those skilled in the art will

readily appreciate that the solids laden supercritical fluid, after being cooled, may be

passed directly to a pressure let down arrangement.

The preferred pressure let down or pressure reducing arrangement or means 

operates to reduce the pressure in the solids laden effluent to approximately atmospheric

pressure without relying on an orifice or capillary for the entire pressure reduction. The

pressure let down means 90 includes a pressure reducing device 92, a separation vessel 94,

a back pressure regulating valve 96 and a liquid removal valve 98. The pressure reducing

device 92 may comprise an orifice or other suitable device and reduces the pressure from

a critical pressure to a gas phase pressure which may be approximately from 500 psia to

3000 psia. This gas phase pressure allows a distinct gas phase to segregate to the top of

the vessel 94 with a solids laden liquid phase collecting at the bottom of the separation

vessel. The back pressure valve 96 is connected to hold the gas phase pressure on the

vessel 94 and releases gas to maintain the pressure on the vessel. The solids laden liquid

collecting in the bottom of the vessel 94 is removed through the liquid removal valve 98

which is connected to the vessel by a suitable conduit and which preferably operates in

either a full open or full closed position. A suitable level control arrangement LEV 100

associated with the vessel 94 controls the position of the liquid removal valve 98. Whn

the level control mechanism 100 senses the liquid level rising above a particular point in

the separation vessel 94, the control causes the liquid removal valve 98 to open

momentarily and allow solids laden liquid to flow out of the vessel to atmospheric or near

atmospheric pressure. The level control 100 may include any suitable level detecting

arrangement such as a float associated with the vessel 94. Although the liquid removal

valve 98 opens and closes abruptly, the gas in the vessel 94 expands or compresses to

dampen pressure transients in the vessel 94. By having a large flow area and operating

in the full open or full closed position, the liquid removal is not subject to severe erosion

of valve components from solid particles in the liquid effluent and is also less subject to

plugging. Furthermore, change in the pressure drop across the pressure reducing device
92, which may occur over time due to erosion in the device 92, is compensated for

automatically by the back pressure regulating valve 94.
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The liquid removed from the vessel 94 contains water and primarily inert or

inorganic solids, although some very minor amounts of organic matter, on the order of 

ppm may remain. The liquid may also include minor amounts of salts in solution. The

inert/inorganic solids comprise sand, silt, clay, and typically formn 10% to 25% by weight

of the liquid stream. Water may be added to the vessel if there is insufficient water

condensing from the effluent stream. The solids in this liquid may be allowed to settle out

by gravity or by other separation means and then disposed of in any permissible manner.

The water may be discharged or sent to the chlorine contact basin 18 of the treatment

facility (Figure 1).

The make-up of the off gas removed from the vessel 94 will vary with the

operating pressure of the vessel, that is the gas phase pressure. The off-gas will contain

primarily CO, with lesser amounts of excess oxygen, nitrogen, and water vapor.

The method for treating wastewater sludges according to the invention may be

described with particular reference to Figure 2. The method includes first producing a

feed mixture having a total VSS of 1.0% to 14.4%, a heating value of 100 Btu to 1400

Btu/lb, and COD of 17,000 ppm to 235,000 ppm, including approximately 50% low light-

off temperature material, In the preferred form of the invention, the feed mixture is

produced from an undigested, thickened wastewater sludge from wastewater treatment

facility 12 (Figure 1).

The method next includes pressurizing the feed mixture with high pressure pump

44 to a supercritical pressure, that is, a pressure above the critical pressure for water,

approximately 3200 psia, and preferably, 3600 psia to 4500 psia. The feed mixture is then

heated by heat exchange with a supercritical oxidation reactor effluent using heat

exchangers 48 and 50 and the temperature is further adjusted with the heater/cooler 54 to

bring the feed mixture to a reaction initiating temperature. An oxidant is then injected at

the reaction initiating temperature from the oxidant compressor 58 through the desired

injection line or lines 61a, 61b, or 61c. The reaction initiating temperature is a

temperature below the critical temperature for water, but at or above the light-off

temperature for the low light-off temperature constituents in the feed mixture. The

reaction initiating temperature may range from 200°F to 6750F.

The method next includes reacting the feed mixture and particularly, the low light-

off temperature constituents in the feed mixture beginning at the reaction initiating
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temperature to raise the temperature of the then partially reacted mixture to at least the

critical temperature for water either before or in the supercritical water oxidation reactor

52. In the reactor 52, the partially reacted feed mixture is subjected to supercritical water

oxidation below 1400F for a time sufficient to ensure complete oxidation of all volatile

suspended solids in the mixture. The reactor residence time may range from 10 seconds

to 3 minutes. Subjecting the feed mixture to supercritical water oxidation in the reactor

52 produces a supercritical water oxidation effluent comprising a mixture of supercritical

fluids and, inert and inorganic solids, including precipitated salts.

The method may next include separating the effluent from the reactor 52 to produce

a clean supercritical fluid effluent and a solids laden supercritical fluid effluent. The

method of the invention may further include reducing the pressure of the clean

supercritical fluid effluent to produce a process steam and reducing the pressure of the

solids laden fluid effluent to atmospheric pressure or other desired lower pressure.

The preferred step of reducing the pressure of the solids laden supercritical fluid

effluent comprises reducing the temperature of the mixture below the critical temperature

of water and reducing the pressure of the mixture with the reducing device 92 to allow a

gas phase to separate from a liquid phase in the separation vessel 94. The method also

includes maintaining the gas phase pressure on the vessel 94 by releasing separated gas

through the back pressure valve 96, and removing solids laden liquid from the vessel

through the liquid removal valve 98 under the control of liquid level sensing device

associated with the separation vessel 94.

The method of the invention may further include recovering energy from the

supercritical water oxidation reactor effluent. For example, the method may include the

step of driving the turbine 72 with the process steam produced from the clean supercritical

fluid effluent from the reactor 52. Additionally, the method may include using energy

from the supercritical fluid effluent to thicken and condition the sludge to produce the

desired feed mixture. The step of using heat from the reactor effluent may comprise

producing a hot air stream and passing it over the sludge to evaporate water from the

sludge, or alternatively, heating the sludge with heat from the supercritical water oxidation

reactor effluent to evaporate water from the sludge.

The above described preferred embodiments are intended to illustrate the principles

of the invention, but not to limit the scope of the invention. Various other embodiments
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and modifications to these preferred embodiments may be made by those skilled in the art

without departing from the scope of the following claims.

For example, where it is not desirable to produce a standard quality steam for

driving a turbine or for other uses, the solids separator 66 and secondary heat exchanger

50 may be omitted from the system. The effluent from the reactor 52 may in this case be

sent directly to the pressure reducing means 90, or to the pressure reducing means after

transferring heat from the effluent for conditioning the sludge to produce the desired feed

mixture and cool the effluent. Furthermore, since it is not necessary to separate the solids

from the supercritical fluid stream to produce useable steam, the temperature of the

effluent may be lowered below the critical temperature in the primary heat exchanger.

Where the standard quality steam is not desired, the heat exchanger 48 may be

sized to heat the feed mixture without the need for the separate heater/cooler 54. In this

case, the bypass means 47 may be used to adjust the temperature of the feed mixture to

the reaction initiating temperature. Thus, the bypass means 47 may comprise the

temperature adjusting means.

Another arrangement for the temperature adjusting means may include a heat

exchanger to remove heat from the reacting mixture after the point at which the oxidant

is injected. This arrangement may accommodate even higher COD feed mixtures and may

recover more useful heat from the reaction.

Also, those skilled in the art will readily appreciate that the hydrothermal unit

components must be heated to near operating conditions in a start-up process prior to

operation. Components are preferably heated by circulating clean water through the

system. This clean water may be heated using the heater/cooler 54 where such a heater

is included in the system, or a separate start-up heater. The conduit and valving required

for introducing the clean, start-up water have been omitted in the drawings for the purpose

of simplifying the figures.
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CLAIMS:

1. An apparatus for treating undigested wastewater sludges, the apparatus comprising:

a feed tank for receiving a feed mixture comprising a wastewater sludge;

a pump connected to receive the feed mixture from the feed tank, and

pressurize the feed mixture to a pressure above the critical pressure for

water;

a heat exchanger connected to receive the pressurized feed mixture from the

pump in a heat exchange relationship with a supercritical effluent from a

supercritical water oxidation reactor;

temperature adjusting means for adjusting the temperature of the feed

mixture exiting the heat exchanger to a reaction initiating temperature below

the critical temperature for water, the reaction initiating temperature being

sufficiently high to initiate an oxidation reaction in the feed mixture when

an oxidant is added to the feed mixture, producing a partially reacted

mixture from the feed mixture sind raising the temperature of the partially

reacted mixture to at least the critical temperature for water;

oxidant injection means for introducing an oxidant to the feed mixture at the

reaction initiating temperature; and

the supercritical water oxidation reactor for receiving the partially reacted

mixture and maintaining the partially reacted mixture at a supercritical

temperature and supercritical pressure for a time sufficient to oxidize

substantially all organic material within the partially reacted mixture and

produce the supercritical effluent.

2. The apparatus of Claim 1 further comprising:

a solids separator for receiving the effluent from the heat exchanger at

conditions and for separating a solids laden effluent from a clean fluid

effluent, the solids laden effluent comprising solids in a fluid;
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clean effluent pressure reduction means for receiving the clean fluid effluent

and reducing the pressure of said effluent to produce a process steam; and

pressure let down means for reducing the pressure of the solids laden

effluent to substantially atmospheric conditions to produce an off gas and

water containing inorganic material,

3. The apparatus of Claim 2 further comprising:

sludge conditioning means for applying heat from the process steam to

thicken the sludge.

4. The apparatus of Claim 2 further comprising:

a steam turbine adapted to produce mechanical energy from the process

steam and a low pressure turbine exhaust.

5. The apparatus of Claim 4 further comprising:

sludge conditioning means for applying heat from the low pressure turbine

exhaust to thicken sludge.

6. The apparatus of Claim 5 wherein the sludge conditioning means includes:

a heat exchanger condenser having a trough for receiving a sludge to be

thickened and a jacket for receiving the turbine exhaust in a heat exchange

relationship with the sludge in the trough; and

a blower for forcing air over the surface of the sludge in the trough to

enhance evaporation from the sludge stream.

7. The apparatus of Claim 1 wherein the heat exchanger comprises a primary heat

exchanger and further comprising:

a secondary heat exchanger connected to transmit the feed mixture from the

pump to the primary heat exchanger and connected to receive the solids
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laden effluent from the solids separator in a heat exchange relationship with

the feed mixture to preheat the feed mixture.

8. The apparatus of Claim 2 wherein the pressure let down means comprises:

a pressure reducing device for reducing the pressure of the solids laden

effluent to a gas phase pressure at which a significant gas phase exists with

a solids laden liquid phase;

a vessel connected to receive the solids laden liquid phase and gas at the gas

phase pressure;

a pressure regulator valve associated with the vessel for maintaining the gas

phase pressure in the vessel and allowing gas to exit the vessel to maintain

the gas phase pressure;

a liquid removal conduit connected below a liquid level in the vessel and

having a liquid removal valve adapted to reside alternatively in a fully

opened or fully closed position; and

control means for controlling the position of the liquid removal valve to

maintain a desired liquid level in the vessel by periodically removing the

solids laden liquid phase from the vessel.

9. The apparatus of Claim 8 wherein the control means for controlling dithe position of

the liquid removal valve comprises:

a float mechanism associated with the vessel,

A method for treating an undigested wastewater sludge, the method comprising the

steps of:

producing a feed mixture from the undigested wastewater sludge, the feed

mixture having a sufficient concentration of low light-off temperature

constituents to at least partially oxidize in the presence of an oxidant at a

reaction initiating temperature and thereby produce a partially reacted
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mixture and release heat energy to raise the temperature of the partially

reacted mixture to at least the critical temperature for water;

pressurizing the feed mixture to a pressure above the critical pressure for

water;

heating the feed mixture by heat exchange with effluent from a supercriticl

water oxidation reactor;

adjusting the temperature of the feed mixture after heat exchange with the

effluent from the supercritical water oxidation reactor to the reaction

initiating temperature below the critical temperature for water;

supplying an oxidant to the feed mixture while the feed mixture is at the

reaction initiating temperature; and

subjecting the partially reacted mixture to conditions above the critical

temperature and critical pressure for water for a sufficient time to oxidize

substantially all organic material remaining in the partially reacted mixture

and producing a supercritical water oxidation reactor effluent.

11. The method of Claim 10 further comprising the steps of:

separating solids from the supercritical water oxidation effluent to produce

a clean fluid and a solids laden fluid;

reducing the pressure of the clean fluid to produce process steam; and

reducing the pressure of the solids laden fluid to substantially atmospheric

pressure to produce off gas and water containing inorganic material.

12. The method of Claim 11 including the step of:

applying the process steam to drive a steam turbine.

13. The method of Claim 11 further comprising the step of:

applying heat from the process steam to thicken the wastewatcr sludge,
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14. The method of Claim 11 further comprising:

applying heat from the process steam to heat the thickened wastewater

sludge to enhance the pumpability of the wastewater sludge.

15. The method of Claim 11 wherein the step of reducing the pressure of the solids

laden fluid comprises:

reducing the pressure of the solids laden fluid to a gas phase pressure at

which a significant gas phase exists along with a solids laden liquid phase,

and allowing the gas phase to separate from the solids laden liquid phase in

a vessel;

controlling the pressure in the vessel at the gas phase pressure by removing

gas through a pressure regulator valve connected to a conduit associated

with an upper portion of the vessel; and

periodically removing solids laden liquid from a bottom of the vessel

through a liquid removal valve so as to maintain a liquid level in the vessel

below a maximum liquid level,

16. The method of Claim 11 further comprising the step of:

heating the feed mixture by heat exchange with the solids laden fluid.

17. A method for oxidizing an organic material, the method comprising the steps of:

producing a feed mixture from the organic material, the feed mixture

including a minimum concentration of low light-off temperature

constituents;

pressurizing the feed mixture to a pressure sufficient to maintain

substantially all water in the feed mixture in a liquid phase;

heating the feed mixture to a reaction initiating temperature, tie reaction

initiating temperature being sufficiently high to initiate an oxidation reaction

in the low light-off temperature constituents of the feed mixture when an
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initiating amount of oxidant is added thereto and thereby produce a partially

reacted mixture from the feed mixture and raise the temperature of the

partially reacted mixture to at least the critical temperature for water;

supplying a reaction initiating amount of oxidant to the feed mixture while

the feed mixture is at the reaction initiating temperature;

containing the feed mixture, partially reacted mixture, and reaction initiating

amount of oxidant so that the heat from the oxidation reaction of at least a

portion of the low light-off temperature constituents raises the temperature

of the partially reacted mixture to at least the critical temperature for water;

and

containing the partially reacted mixture at conditions above the critical

temperature and critical pressure for water for a sufficient time to oxidize

substantially all organic material remaining in the partially reacted mixture.

18. An apparatus for depressurizing a high pressure fluid containing solids, the

apparatus comprising:

a pressure reducing device for reducing the pressure of a high pressure

solids laden fluid to a gas phase pressure at which a significant gas phase

exists with a solids laden liquid phase;

a vessel connected to receive the solids laden liquid phase and gas at the gas

phase pressure;

a pressure regulator valve associated with the vessel for maintaining the gas

phase pressure in the vessel and allowing gas to exit the vessel to maintain

the gas phase pressure;

a liquid removal conduit connected below a liquid level in the vessel and

having a liquid removal valve adapted to reside alternatively in a fully

opened or fully closed position; and
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control means for controlling the position of the liquid removal valve to

maintain a desired liquid level in the vessel by periodically removing the

solids laden liquid phase from the vessel.

19. The apparatus of Claim 18 wherein the control means for controlling the position

of the liquid removal valve comprises:

a float mechanism associated with the vessel.



INFLUENT 

14)

12

DISCHARGE

OFF-GAS

INERT/
INORGANIC
MATERIAL

FIGURE I



000
1000

PRS.0,. E

VAOIE GAS'SN.

FEDSP V IETAN ECO

C4000

m 

SDISCEAFGUR 2JPL



74

AIR

UNDIGESTED
SLUDGE

TURBINE
EXHAUST

STEAM

MOIST AIR

SLUDGE THICKENER
THICKENED 

HEATED
SLUDGE

TURBINE
EXHAUST

CONDENSATE

FIGURE 3



INTERNATIONAL SEARCH REPORT laternaticoai application No.
PCTAUS9M)S640

A. CLASSIFICATION OF SUBJECFr MATTER
IPC(6) :CO2F 1172. 11106; BOID 19/0
US CL :PWeua See Extra Sheet.

Aococdig to International Patent Claaaificatioa (WVC) or to both national classification and IPC

F. IELDS SEARCHE1D
Minimum documentatioa searched (classification system followed by clmasification symbol$)

U.S. :210/36. 121, 123. 130.,181, 138. 193.1, 206.,739, 744, 7S3, 761, 306, 303

Docummttic searche other dma minimum documeation to the extent that such documents asn included in the fields searched

Eleoenes data bas coesulted during the intervaticeal search (same of data base and, wheoe practicable, search terms used)

Q. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of documeat. with indicatin. where appropuiate, of the relevant Passages Relevant to claim No.

X US 4,338,199 A (MODELL) 06 July 1982 (06-07-82), column 4, 1,10,17
lines 24-49, column 7, lines 1-25, 55-59, figure 1.

Y US 5,240,619 A (COPA et al) 31 August 1993 (31-08-93), column 18-19
4, lines 19-68, figures 1-3.

Y US 3,876,497 A (HOFFMAN) 08 April 1975 (08404-75), column 2, 18
lines 23-53, figure.

Y US 5,035,346 A (KALMAN) 30 July 1991 (30-07-91), column 1, 18-19
lines 25-34, column 2, lines 8-25.

A US 5,543,057 A (WHITING et al) 06 August 1996 (06-08-96), 1-19
entire document.

A US 5,200,093 A (BARNER et al) 06 April 1993 (06-04-93), entire 1-19
document.

Furiter documents awe lisded in the coataauatio. of box C. [3 See Paent family annex.

Spn a ~.inenfso d Ama teiiene A" be AW iMawa Wias &W or prianty

.1.*ma of u q d on is soe( anwwob *0 1 'S 1I Ud

Y dammm of pmfimhw relwwwo: an 'shmed 6vniea ono be
02. aviina denM tr metob a en o -le do imew'Si form 416 0162mam a web demmeem eueb mmb0

WNW "ow (a e b

DWAa or the aebal eomplese of the itmaica search Date of mailing of the .ftersatioal Mearch report

JUNE 1"11 6 JUL 1998
Name andttmain addss. of doe ISAAJS ~9i~dofficer

boex PCT BETSEY MORRISON
Weehsita, D.C. 21=11hL4 4

Fasuimile No. (703) 303.3230 elehem No. (7031 0803

Fans PCTIa12o (snood shet)(july 199)*



INTERNATIONAL SEARCH REPORT Iatmadona applicAtaoe No.

PCT/US93iW640

A. CLASSIFICATION OF SUBJECT MATrER:

US CL:

210496, 121, 123. 130. 191.19..193.1. 206, 739,744, 753, 761, 306, 303

Fern PCTASWZIO (exam Ubsh"(Jiey IM9)*


	ABSTRACT
	DESCRIPTION
	CLAIMS
	DRAWINGS

