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HEAT EXCHANGE FLUID PURIFICATION FOR DIALYSIS SYSTEM

REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority of U.S. Provisional

Patent Application Serial No. 61/545,084, entitled "Heat Exchange Fluid Purification For

Dialysis System," and filed October 7 , 201 1. Priority of the aforementioned filing date is

hereby claimed and the disclosures of the aforementioned patent application is hereby

incorporated by reference in its entirety.

[0002] This application is related to the following U.S. Patent Applications:

( 1 ) U.S. Patent Application Serial No. 12/795,371 , entitled "Microfluidic Devices" and

filed June 7 , 2010, which claims priority to U.S. Provisional Patent Application Serial

No. 61/220,1 17, filed on June 24, 2009; (2) U.S. Patent Application Serial

No. 12/795,498, entitled "Dialysis System With Ultrafiltration Control" and filed June 7 ,

2010, which claims priority to U.S. Provisional Patent Application Serial No. 61/267,043,

filed on December 5 , 2009; (3) U.S. Patent Application Serial No. 12/795,382, entitled

"Fluid Purification System" and filed June 7 , 2010; and (4) U.S. Patent Application Serial

No. 12/795,444, entitled "Dialysis System" and filed June 7 , 201 0 . This application is

also related to International Patent Application No. PCT/US201 0/037621 , entitled

"Microfluidic Devices," and filed June 7 , 2010. The disclosures of the aforementioned

patent applications are hereby incorporated by reference in their entirety.



BACKGROUND

[0003] The present disclosure concerns a dialysis system, such as a

microfluidic or flow field dialyzer capable of being fluidly coupled to a dialysate stream

and a blood stream, and a method for using the dialysis system.

[0004] There are, at present, hundreds of thousands of patients in the

United States with end-stage renal disease. Most of those require dialysis to survive.

United States Renal Data System projects the number of patients in the U.S. on dialysis

will climb past 600,000 by 2012. Many patients receive dialysis treatment at a dialysis

center, which can place a demanding, restrictive and tiring schedule on a patient.

Patients who receive in-center dialysis typically must travel to the center at least three

times a week and sit in a chair for 3 to 4 hours each time while toxins and excess fluids

are filtered from their blood. After the treatment, the patient must wait for the needle

site to stop bleeding and blood pressure to return to normal, which requires even more

time taken away from other, more fulfilling activities in their daily lives. Moreover, in-

center patients must follow an uncompromising schedule as a typical center treats three

to five shifts of patients in the course of a day. As a result, many people who dialyze

three times a week complain of feeling exhausted for at least a few hours after a

session.

[0005] Given the demanding nature of in-center dialysis, many patients

have turned to home dialysis as an option. Home dialysis provides the patient with

scheduling flexibility as it permits the patient to choose treatment times to fit other

activities, such as going to work or caring for a family member. Unfortunately, current

dialysis systems are generally unsuitable for use in a patient's home. One reason for

this is that current systems are too large and bulky to fit within a typical home. Current

dialysis systems are also energy-inefficient in that they use large amounts of energy

and require enormous amounts of water for proper use. Although some home dialysis



systems are available, they generally use complex flow-balancing technology that is

relatively expensive to manufacture and most systems are designed with a system of

solenoid valves that create high noise levels. As a result, most dialysis treatments are

performed at dialysis centers.

SUMMARY

[0006] In view of the foregoing, there is a need for improved fluid purification

systems, particularly water purification systems for preparing fluids for use in

conjunction with home dialysis.

[0007] In one aspect, disclosed is a water treatment device, including at

least first and second laminae arranged in a stacked relationship so as to form a stack

of laminae, each lamina having a fluid flow field, the fluid flow field of the first lamina

configured for receiving blood and the fluid flow field of the second lamina configured for

receiving dialysate; a first cut-out in the first lamina, wherein the first cut-out surrounds

at least a portion of the fluid flow field of the first lamina; a second cut-out on the second

lamina, wherein the second cut-out surrounds at least a portion of the fluid flow field of

the second lamina, and wherein the first and second cut-outs vertically align with one

another in the stack to form a collective cut-out that extends through the stack; and a

first plate on the top of the stack and a second plate on the bottom of the stack, wherein

the first and second plates enclose the top and bottom of the collective cut-out creating

an insulating chamber to the fluid flow fields of the stack.

[0008] Each cut-out can surround a respective flow field along at least three

sides of the flow field. Each cut-out surrounds at least eighty percent of the respective

flow field. The stack can include more than two laminae. The collective cut-out can form

a U-shape around the fluid flow fields of the stack. The device can further include at

least one heat transfer layer interleaved between the first and second flow fields, across

which layer dialysis of the blood occurs when in operation. The insulating channel can



inhibit loss of heat from one or more regions of the flow field. A partial vacuum can be

formed within the insulating chamber. The fluid flow fields of the laminae can have a

coiled configuration and be surrounded by a coiled insulating chamber.

[0009] Other features and advantages should be apparent from the

following description of various embodiments, which illustrate, by way of example, the

principles of the disclosed devices and methods.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 shows a high level, schematic view of an implementation of a

dialysis system.

[001 1] FIG. 2 shows a high level, schematic view of an implementation of a

water purification system of the dialysis system.

[0012] FIG. 3 shows a schematic, plan view of an implementation of a

microfluidic heat exchange system adapted to heat and cool a single fluid without the

use of a second fluid stream to add heat to or remove heat from the fluid.

[0013] FIG. 4 shows a high level, schematic view of an implementation of a

dialysate preparation system of the dialysis system.

[0014] FIG. 5 is a schematic, cross-sectional view of an implementation of a

dialyzer of the dialysis system.

[0015] FIG. 6 shows a schematic view of an implementation of a flow

balance system.

[0016] FIG. 7A shows an exemplary embodiment of an inlet lamina that

forms at least one inlet pathway where fluid flows in an inward direction through the

heat exchange system.



[0017] FIG. 7B shows an exemplary embodiment of an outlet lamina that

forms at least one outlet pathway where fluid flows in an outward direction through the

heat exchange system.

[0018] FIG. 7C shows an exemplary embodiment having superimposed inlet

and outlet laminae.

[0019] FIG. 8 shows an enlarged view of a heater region of the inlet lamina.

[0020] FIG. 9 shows a perspective view of an exemplary stack 805 of

laminae.

[0021] FIG. 10 shows a plan view of another embodiment of superimposed

laminae stack having an insulating architecture.

[0022] FIG. 11 shows an embodiment of a lamina having a pair of heat

exchange regions.

[0023] FIG. 12 shows an embodiment of a lamina having coiled fluid flow

paths around a heat exchange region.

DETAILED DESCRIPTION

[0024] Disclosed herein are small, lightweight, portable, systems that have

the capability of reliably, reproducibly, highly efficiently and relatively inexpensively

providing a source of purified water of sufficient volumes for home dialysis. In addition,

the systems disclosed herein require much less purified water at any one time than the

volumes typically needed for dialysis today, thereby further reducing the expense of

running the system at home. In addition, the systems described herein are capable of

producing real-time, on-demand ultrapure water for dialysis, the gold standard of

present-day dialysis. Disclosed herein are in-line, non-batch water purification systems



that use a microfluidics heat exchanger for heating, purifying and cooling water. The

systems described herein consume relatively low amounts of energy. The systems

described herein although suitable for use in a home dialysis system, can be used in

other environments where water purification is desired. The systems can also be used

to purify fluids other than water. As will be described in more detail below, the systems

described herein can be connected to a residential source of water (such as a running

water tap to provide a continuous or semi-continuous household stream of water) and

can produce real-time pasteurized water for use in home dialysis, without the need to

heat and cool large, batched quantities of water.

DIALYSIS SYSTEM

[0025] FIG. 1 shows a high level, schematic view of an implementation of a

dialysis system. The dialysis system can include a plurality of subsystems that

collectively operate to receive and purify water, use the water to prepare dialysate, and

supply the dialysate to a dialyzer that performs various types of dialysis on the blood of

a patient such as hemodialysis, ultrafiltration and hemodiafiltration. The dialysis system

can include plumbing that provides fluid pathways for water, dialysis, and blood to flow

through the dialysis system, as well as one or more pumps that interface with the

plumbing for driving fluid flow through the system. The dialysis system can also include

one or more sensors, such as fluid flow sensors, pressure sensors, conductivity

sensors, etc. for sensing and reporting one or more characteristics of fluid flowing

through the system.

[0026] In an embodiment, the entire dialysis system (including the water

preparation and purification system, dialysate preparation system, flow balancer

system, dialyzer, and hardware, such as plumbing and sensors) is contained within a

single housing that is compact and portable. In addition, the dialysis system can

prepare dialysate using a tap water, such as in a home or hotel room. In an



embodiment, the entire dialysis system consumes less than about 22" by 14" by 9" of

space when dry, which generally corresponds to the size limit for carry-on baggage of

an airline. In an embodiment, the entire dialysis system weighs less than about fifty

pounds when dry.

[0027] With reference still to FIG. 1, the dialysis system can include a water

preparation and purification system 5 that purifies water from a water supply 7 . The

water purification system 5 can supply the purified water to a dialysate preparation

system 10 that uses the purified water to prepare dialysate. The dialysis system can

further include a dialyzer 15 that receives the dialysate from the dialysate preparation

system 10 and performs dialysis on a patient's blood. In an embodiment, the dialyzer

15 and the dialysate preparation system 10 both can interface with a flow balancer

system 20 that regulates the flow of dialysate to the dialyzer to achieve different types of

dialysis, including hemodialysis, ultrafiltration, and hemodiafiltration, as described in

detail below.

[0028] Diffusion is the principal mechanism in which hemodialysis removes

waste products such as urea, creatinine, phosphate and uric acid, among others, from

the blood. A differential between the chemical composition of the dialysate and the

chemical composition of the blood within the dialyzer causes the waste products to

diffuse through a membrane from the blood into the dialysate. Ultrafiltration is a

process in dialysis where fluid is caused to move across the membrane from the blood

into the dialysate, typically for the purpose of removing excess fluid from the patient's

blood stream. Along with water, some solutes are also drawn across the membrane via

convection rather than diffusion. Ultrafiltration is a result of a pressure differential

between a blood compartment and a dialysate compartment in the dialyzer where fluid

moves from a higher pressure to a lower pressure. In some circumstances, by design

or unintentional consequence, fluid in the dialysate compartment is higher than the



blood compartment causing fluid to move from the dialysate compartment into the blood

compartment. This is commonly referred to as reverse ultrafiltration.

[0029] In hemodiafiltration, a high level of ultrafiltration is created, greater

than the amount required to remove fluid from the patient's blood, for the purpose of

increasing convective solute transport across the membrane. The amount of fluid in

excess of what is required to be removed from the patient's blood must therefore be

returned to the blood stream in order to avoid an adverse hemodynamic reaction. This

is accomplished by intentionally increasing the pressure in the dialysate compartment of

the dialyzer to cause the appropriate amount of reverse ultrafiltration. This process of

ultrafiltration alternating with reverse ultrafiltration is often referred to as "push-pull

hemodiafiltration." This is a significant improvement over more common methods of

hemodiafiltration where sterile fluid is administered to the patient in a location outside of

the dialyzer.

[0030] In use, the patient is coupled to the dialyzer 15 such that the

patient's blood flows into and out of the dialyzer 15 using devices and techniques known

to those skilled in the art. The dialysis system prepares dialysate using water from a

household water source, such as a tap, that has been previously prepared through

filtration and purification before being mixed with various dialysate components to make

the dialysate, and then flows the dialysate through the dialyzer in communication with

the blood such that one or more of the dialysis processes on the blood is performed.

The water purification system includes a plurality of subsystems that collectively operate

to purify the water including pasteurization of the water, as described more fully below.

The purified water is then mixed with dialysate concentrates to form dialysate, which is

supplied to the dialyzer 15 and to the flow balancer system, which regulates the flow of

dialysate to the dialyzer 15 to selectively achieve different types of dialysis, including

hemodialysis, ultrafiltration, and hemodiafiltration, as described more fully below. The



dialysis system supplies the used dialysate to a drain 25. In an embodiment, the

system recaptures heat from the used dialysate before going to the drain.

SUBSYSTEMS OF DIALYSIS SYSTEM

[0031] Embodiments of the various subsystems of the dialysis system are

now described, including the water purification system 5 , dialysate preparation system

10, dialyzer 15, and flow balancer system 20. It should be appreciated that the

descriptions are examples of implementations and that variations are possible.

A. Water Purification Sub-System

[0032] FIG. 2 shows a high level, schematic view of the water purification

system 5 . The water purification system 5 includes a plurality of subsystems and/or

components each of which is schematically represented in FIG. 2 . Although it is

described in the context of purifying water, the water purification system 5 can be used

to purify fluids other than water. Water enters the fluid purification system at an entry

location 105 (from the water supply 7 in FIG. 1) and communicates with each of the

subsystems and components as the water flows along a flow pathway toward the

dialysate preparation system 10 . The subsystems may include, for example, a

sediment filter system 115, a carbon filter system 120, a reverse osmosis system 125,

an ultrafilter system 130, an auxiliary heater system 135, a degassifier system 140, or

any combination thereof.

[0033] Upon exiting the fluid purification system 5 , and prior to entering the

dialysate preparation system 10 , the fluid is in a purified state. This preferably includes

the fluid being in a pasteurized state although the fluid system does not necessarily

pasteurize the fluid in all circumstances. The embodiment shown in FIG. 2 is exemplary

and not all of the components shown in FIG. 2 are necessarily included in the water

purification system 5 . The individual components included in the system may vary



depending on the type and level of purification or pasteurization required. The quantity

and sequential order of the subsystems along the flow pathway shown in FIG. 2 is for

purposes of example and it should be appreciated that variations are possible.

[0034] A method for purifying water using the fluid purification system 5 is

now described including a description of a fluid flow path through the system. As

mentioned, water can enter the water purification system 5 via an entry location 105.

The entry location may include a three-way valve that may be set such that incoming

water is received from one of at least two water sources. One such water source may

be household water tap. Alternately, the valve may be set to receive recirculated water

that was previously routed through the water purification system 5 and that is re-routed

back into the system such as to flush the system. When the valve is set to receive

recirculated water, the re-circulated water may bypass one or more of the subsystems

as it flows through the water purification system 5 .

[0035] When the valve is set to receive water from the household water tap,

the incoming water can first flow through at least one sediment filter system 115, which

includes one or more sediment filters that filter sediment from the water flowing

therethrough. In an embodiment, the sediment filter 115 removes particulate matter

down to 5 microns or even 1 micron. A pressure sensor may be positioned upstream of

the sediment filter(s) and a pressure sensor may also be positioned downstream of the

sediment filter(s) in order to monitor flow conditions. In addition, the flow pathway may

include one or more pressure regulators configured to regulate fluid pressure to achieve

a desired flow rate through the system. The pressure regulator(s) may be used to

compensate for a household tap having a flow rate that is above or below a desired

range.

[0036] The water can then flow through a carbon filter system 120, which

can include one or more carbon filters that filter materials such as organic chemicals,



chlorine and chloramines from the water. In an embodiment, the carbon filter system

120 includes two carbon filters with a sample port positioned in the flow path between

the carbon filters. The sample port provides an operator with access to the water flowing

through the system, such as for quality control purposes. In an embodiment, at least

one pressure sensor and at least one conductivity sensor are positioned in the flow

pathway downstream of the carbon filter system 120. The conductivity sensor provides

an indication as to the percentage of dissolved solids removed from the water. In

addition, one or more pumps may be positioned at various locations along the water

flow pathway such as between the filter subsystems.

[0037] The water can flow from the carbon filter system 120 to a reverse

osmosis system 125 configured to remove particles from the water pursuant a reverse

osmosis procedure. The reverse osmosis system 125 can remove greater than 95% of

the total dissolved solids from the water. The reverse osmosis system 125 may have

two outlets including a waste water outlet 126 and a pure water outlet 127. The waste

water outlet 126 outputs waste water from the reverse osmosis system 125. The waste

water can be rerouted back into an upstream location of the water pathway for re-entry

into the reverse osmosis system 125. In this regard, a sensor such as a conductivity

sensor may be located upstream of the reverse osmosis system 125 as a means of

verifying the contents of the water. Alternately, the waste water outlet 126 may supply

the waste water to a drain.

[0038] The sediment filter system 115, carbon filter system 120, and

reverse osmosis system 125 collectively form a pre-processing stage that removes a

majority of dissolved solids, bacteria contamination, and chemical contamination, if any,

from the water. The water is therefore in a somewhat macro-purified state as it exits the

pre-processing stage. Thus, the preprocessing stage supplies relatively clean water to

the downstream pump(s) and also to a downstream heat exchange system 110 that

pasteurizes the water. The preprocessing stage can reduce or eliminate the potential



for scale build-up and corrosion during heating of the water by the heat exchange

system 110.

[0039] One or more degassifier systems 140 may be positioned in the flow

pathway upstream and/or downstream of the heat exchange system 110 for removing

entrained gas from the water. The degassifier system 140 may include any of a variety

of components adapted to remove entrained gas from the water. For example, the

degassifier systems 140 may include a spray chamber and/or a bubble trap.

[0040] After the water passes the pre-processing stage, the water can flow

through a pump 150 that pumps the water into the heat exchange (HEX) system 110 .

The heat exchange system 110 can heat the water to a temperature that achieves

pasteurization of the water. In an embodiment, the heat exchange system 110 is a

microfluidic heat exchange system. Embodiments of microfluidic heat exchange

systems are described in detail in U.S. Patent Application Serial No. 12/795,382, filed

June 7 , 2010, and U.S. Patent Application Publication No. 2010/0326916, filed June 7 ,

2010, which are each incorporated by reference in their entireties.

[0041] The pump 150 may be used to increase the water pressure to a level

higher than the saturation pressure encountered in the heat exchange system 110.

This prevents phase change of the water inside the heat exchange system 110. Thus, if

the highest temperature reached in the heat exchange system 110 is 150 degrees

Celsius where the water would have a saturation pressure known to one of skill in the

art, the pressure of the water coming out of the pump would exceed that saturation

pressure by a certain safety margin, such as 10 psi, to ensure that no phase change

occurs. The pump can increase the water pressure to a level that is at or exceeds the

saturation pressure to ensure no localized boiling. This can be important where the

heat exchange system is used to pasteurize water and the water is exposed to high



temperatures that may be greater than 138 degrees Celsius, i.e., well above the boiling

point of water at atmospheric pressure.

[0042] After leaving the heat exchange system 110, the water can pass into

a throttling valve 160, such as flow restrictor, which maintains the pressure though the

water path from the pump 150 to outlet of the heat exchange system 110. The throttling

valve 160 and the pump 150 may be controlled and adjusted to achieve a flow rate and

a desired pressure configuration. The pump 150 and the throttling valve 160 may

communicate with one another in a closed loop system to ensure the required pressure

is maintained for the desired flow rate and temperature. One or more temperature

sensors and/or flow sensors may be positioned along the flow pathway downstream of

the heat exchange system for use in controlling the pump 150 and the throttling

valve 160.

[0043] After the water leaves the throttling valve 160, it can pass to an

ultrafilter (UF) system 130 that removes macromolecules and all or substantially all of

the dead bacteria killed by the pasteurization process from the water to ensure no

endotoxins remain in the water before mixing the dialysate. The presence of

macromolecules may be detrimental to the dialysis process. The water can then pass

through a heater system 135 that may, if necessary or desired, heat the water to a

desired temperature, such as to normal body temperature (98.6 degrees Fahrenheit).

From the heater system 135, the water can pass to the dialysate preparation system 10.

[0044] In an embodiment, a second heat exchange system is positioned in

the flow pathway upstream of the heater system 135. The second heat exchange

system can be used to further cool the water that comes out of the heat exchange

system 110 in the event that the water is above a predetermined desired temperature,

such as 37 degrees Celsius. The second heat exchange system may be connected to

a separate source of cool water that will then act as a cooling agent or it can be



connected to the water rejected from the reverse osmosis system 125. The second

heat exchange system may be used in environments where the water source produces

very warm water and/or when the heat exchange system 110 is unable to cool the water

sufficiently for use in dialysis.

B. Microfluidic Heat Exchanger

[0045] As discussed above, the water purification system 5 may employ a

heat exchange system 110 that is adapted to pasteurize the water. FIG. 3 shows a

schematic, plan view of an embodiment of the microfluidic heat exchange system 110 ,

which is configured to achieve pasteurization of a liquid (such as water) flowing through

the microfluidic heat exchange system without the need for a second fluid stream to add

heat to or remove heat from the liquid. FIG. 3 is schematic and it should be

appreciated that variations in the actual configuration of the flow pathway, such as size

and shape of the flow pathway, are possible. Embodiments of microfluidic heat

exchange systems are described in detail in U.S. Patent Application Serial No.

12/795,382, filed June 7 , 201 0 , and U.S. Patent Application Publication No.

2010/0326916, filed June 7 , 2010, which are each incorporated by reference in their

entireties.

[0046] As described more fully below, the microfluidic heat exchange

system defines a fluid flow pathway that can include ( 1 ) at least one fluid inlet; (2) a

heater region where incoming fluid is heated to a pasteurization temperature via at least

one heater; (3) a residence chamber where fluid remains at or above the pasteurization

temperature for a predetermined time period; (4) a heat exchange section where

incoming fluid receives heat from hotter (relative to the incoming fluid) outgoing fluid,

and the outgoing fluid cools as it transfers heat to the incoming fluid; and (5) a fluid

outlet where outgoing fluid exits in a cooled, pasteurized state. Depending on the

desired temperature of the outgoing fluid, one or more additional heat exchanges may



be used downstream to adjust the actual temperature of the outgoing fluid to the desired

temperature for use, for example, in dialysis. This is especially true in warmer climates,

where incoming water may be tens of degrees higher than water supplied in colder

climates, which will result in higher outlet temperatures than may be desired unless

further cooling is applied.

[0047] In an embodiment, the flow pathway is at least partially formed of

one or more microchannels, although using microfluidic flow fields as disclosed below

for portions of the fluid flow pathway such as the heat exchange section is also within

the scope of the invention. The relatively reduced dimensions of a microchannel

enhance heat transfer rates of the heat exchange system by providing a reduced

diffusional path length and amount of material between counterflow pathways in the

system. In an embodiment, a microchannel has at least one dimension less than about

1000 µ η . The dimensions of a microchannel can vary and are generally engineered to

achieve desired heat transfer characteristics. A microchannel in the range of about 0.1

to about 1mm in hydraulic diameter generally achieves laminar fluid flow through the

microchannel, particularly in a heat exchange region of the microchannel. The small

size of a microchannel also permits the heat exchange system 110 to be compact and

lightweight. In an embodiment, the microchannels are formed in one or more laminae

that are arranged in a stacked configuration.

[0048] The flow pathway of the microfluidic heat exchange system 110 may

be arranged in a counterflow pathway configuration. The flow pathway can be arranged

such that cooler, incoming fluid flows in thermal communication with hotter, outgoing

fluid. The hotter, outgoing fluid transfers thermal energy to the colder, incoming fluid to

assist the heaters in heating the incoming fluid to the pasteurization temperature. This

internal preheating of the incoming fluid to a temperature higher than its temperature at

the inlet reduces the amount of energy used by the heaters to reach the desired peak

temperature. In addition, the transfer of thermal energy from the outgoing fluid to the



incoming fluid causes the previously heated, outgoing fluid to cool prior to exiting

through the fluid outlet. Thus, the fluid is "cold" as it enters the microfluidic heat

exchange system 110, is then heated (first via heat exchange and then via the heaters)

as it passes through the internal fluid pathway, and is "cold" once again as it exits the

microfluidic heat exchange system 110 . The fluid can enter the microfluidic heat

exchange system 110 at a first temperature and is heated (via heat exchange and via

the heaters) to a second temperature that is greater than the first temperature. As the

fluid follows an exit pathway, the fluid (at the second temperature) transfers heat to

incoming fluid such that the fluid drops to a third temperature that is lower than the

second temperature and that is higher than the first temperature.

[0049] Exemplary embodiments of a fluid pathway and corresponding

components of the microfluidic heat exchange system 110 are now described in more

detail with reference to FIG. 3 , which depicts a bayonet-style heat exchanger, with the

inlet and outlet on one side of the device, a central heat exchange portion, and a

heating section toward the opposite end. The fluid can enter the microfluidic heat

exchange system 110 through an inlet 282. In the illustrated embodiment, the flow

pathway can branch into one or more inflow microchannels 284 that are positioned in a

counterflow arrangement with an outflow microchannel 286. As mentioned, the

microfluidic heat exchange system 110 may be formed by a stack of layered laminae.

The inflow microchannels 284 may be positioned in separate layers with respect to the

outflow microchannels 286 such that inflow microchannels 284 are positioned above or

below the outflow microchannels 286 in an interleaved fashion. In another embodiment,

the inflow microchannels 284 and outflow microchannels 286 are positioned on a single

layer.

[0050] The outflow microchannel 286 can communicate with an outlet 288.

In the illustrated embodiment, the inlet 282 and outlet 288 are positioned on the same

end of the microfluidic heat exchange system 110, although the inlet 282 and outlet 288



may also be positioned at different positions relative to one another. The counterflow

arrangement places the inflow microchannels 284 in thermal communication with the

outflow microchannel 286. In this regard, fluid in the inflow microchannels 284 may flow

along a directional vector that is oriented about 180 degrees to a directional vector of

fluid flow in the outflow microchannels 286. The inflow and outflow microchannels may

also be in a cross flow configuration wherein fluid in the inflow microchannels 284 may

flow along a directional vector that is oriented between about 180 degrees to about 90

degrees relative to a directional vector of fluid flow in the outflow microchannels 286.

The orientation of the inflow microchannels relative to the outflow microchannels may

vary in any matter that is configured to achieve the desired degree of thermal

communication between the inflow and outflow microchannels.

[0051] One or more heaters 292 can be positioned in thermal

communication with at least the inflow microchannels 284 such that the heaters 292 can

provide heat to fluid flowing in the system. The heaters 292 may be positioned inside

the inflow microchannels 284 such that fluid must flow around multiple sides of the

heaters 292. Or, the heaters 292 may be positioned to the side of the inflow

microchannels 284 such that fluid flows along one side of the heaters 292. In any

event, the heaters 292 can transfer heat to the fluid sufficient to cause the temperature

of the fluid to achieve a desired temperature, which may include a pasteurization

temperature in the case of water to be purified. In an embodiment, the fluid is water and

the heaters 292 assist in heating the fluid to a temperature of at least 100 degrees

Celsius at standard atmospheric pressure. In an embodiment, the fluid is water and the

heaters 292 assist in heating the fluid to a temperature of at least 120 degrees Celsius.

In an embodiment, the fluid is water and the heaters 292 assist in heating the fluid to a

temperature of at least 130 degrees Celsius. In an embodiment, the fluid is water and

the heaters 292 assist in heating the fluid to a temperature of at least 138 degrees

Celsius. In another embodiment, the fluid is water and is heated to a temperature in the



range of about 138 degrees Celsius to about 150 degrees Celsius. In another

embodiment, the fluid is heated to the highest temperature possible without achieving

vaporization of the fluid.

[0052] Thus, the microfluidic heat exchange system 110 may maintain the

fluid as a single phase liquid. Because water typically changes phases from a liquid into

a gaseous state around 100 degrees Celsius, the heat exchange system can be

pressurized such that the heating water at the temperatures set forth above are

maintained at single-phase liquid throughout. Pressures above the saturation pressure

corresponding to the highest temperature in the heat exchange system are sufficient to

maintain the fluid in a liquid state. As a margin of safety, the pressure can be kept at 10

psi or higher above the saturation pressure. In an embodiment, the pressure of water in

the microfluidic heat exchange system is maintained greater than 485 kPa to prevent

boiling of the water, and may be maintained significantly in excess of that level, such as

620 kPa or even as high as 900 kPa, in order to ensure no boiling occurs. These

pressures can be maintained in the heat exchange system using a pump and a

throttling valve. A pump upstream of the heat exchange system and a throttling valve

downstream of the heat exchange system can be used where the pump and throttling

valve operate in a closed loop control setup (such as with sensors) to maintain the

desired pressure and flow rate throughout the heat exchange system.

[0053] Once the fluid has been heated to the pasteurization temperature,

the fluid can pass into a residence chamber 294 where the fluid remains heated at or

above the pasteurization temperature for a predetermined amount of time, referred to as

the "residence time", or sometimes referred to as the "dwell time". In an embodiment,

the dwell time can be less than or equal to one second, between one and two seconds,

or at least about two seconds depending on the flow path length and flow rate of the

fluid. Higher temperatures are more effective at killing bacteria and shorter residence

times mean a more compact device. Ultrahigh temperature pasteurization, that is



designed to kill all Colony Forming Units (CFUs) of microbiological organisms of 0.1

CFU/ml down to a concentration of less than 10~6 CFU/ml (such as for purifying the

water for use with infusible dialysate), is defined to be achieved when water is heated to

a temperature of 138 degrees Celsius to 150 degrees Celsius for a dwell time of at least

about two seconds. Ultrapure dialysate has a bacterial load no greater than 0.1

CFU/ml. Table 1 (shown in the attached figures) indicates the required temperature and

residence time to achieve various levels of pasteurization. The heat exchange system

described herein is configured to achieve the various levels of pasteurization shown in

Table 1.

[0054] The fluid can then flow from the residence chamber 294 to the

outflow microchannel 286, where it flows toward the fluid outlet 288. As mentioned, the

outflow microchannel 286 can be positioned in a counterflow relationship with the inflow

microchannel 284 and in thermal communication with the inflow microchannel 284. In

this manner, outgoing fluid (flowing through the outflow microchannel 286) thermally

communicates with the incoming fluid (flowing through the inflow microchannel 284). As

the heated fluid flows through the outflow microchannel 286, thermal energy from the

heated fluid transfers to the cooler fluid flowing through the adjacent inflow

microchannel 284. The exchange of thermal energy results in cooling of the fluid from

its residence chamber temperature as it flows through the outflow microchannel 286.

Moreover, the incoming fluid is preheated via the heat exchange as it flows through the

inflow microchannel 284 prior to reaching the heaters 292. In an embodiment, the fluid

in the outflow microchannel 284 is cooled to a temperature that is no lower than the

lowest possible temperature that precludes bacterial infestation of the fluid. When the

heat exchange system pasteurizes the fluid, bacteria in the fluid down to the desired

level of purification are dead as the fluid exits the heat exchange system. In such a

case, the temperature of the fluid after exiting the heat exchange system may be

maintained at room temperature before use in dialysis. In another embodiment, the fluid



exiting the heat exchange system is cooled to a temperature at or below normal body

temperature.

[0055] Although an embodiment is shown in FIG. 3 as having an outlet

channel sandwiched between an inflow channel, other arrangements of the channels

are possible to achieve the desired degrees of heating and cooling and energy

requirements of the heaters. Common to all embodiments, however, is that all fluid

pathways within the system are designed to be traveled by a single fluid, without the

need for a second fluid to add heat to or remove heat from the single fluid. In other

words, the single fluid relies on itself, at various positions in the fluid pathway, to heat

and cool itself.

[0056] The dimensions of the microfluidic heat exchange system 110 may

vary. In an embodiment, the microfluidic heat exchange system 110 is sufficiently small

to be held in the hand of a user. In another embodiment, the microfluidic heat exchange

system 110 is a single body that weighs less than 5 pounds when dry. In another

embodiment, the microfluidic heat exchange portion 350 of the overall system 110 has a

volume of about one cubic inch. The dimensions of the microfluidic heat exchange

system 110 may be selected to achieve desired temperature and dwell time

characteristics.

[0057] As mentioned, an embodiment of the microfluidic heat exchange

system 110 is made up of multiple laminar units stacked atop one another to form layers

of laminae. A desired microfluidic fluid flow path may be etched into the surface of each

lamina such that, when the laminae are stacked atop one another, microfluidic channels

or flow fields are formed between the lamina. Furthermore, both blind etching and

through etching may be used for forming the channels in the laminae. In particular,

through etching allows the fluid to change the plane of laminae and move to other layers

of the stack of laminae. This occurs in one embodiment at the outlet of the inflow



laminae where the fluid enters the heater section, as described below. Through etching

allows all laminae around the heater section to participate in heating of the fluid instead

of maintaining the fluid only in the plane of the inlet laminae. This embodiment provides

more surface area and lower overall fluid velocity to facilitate the heating of the fluid to

the required temperature and ultimately contributes to the efficiency of the device.

[0058] The microchannels or flow fields derived from blind and/or through

etching of the laminae form the fluid flow pathways. The microchannels and flow fields

described herein can be at least partially formed of one or more microfluidic flow fields

as disclosed in U.S. Patent Application Serial No. 12/795,382, filed June 7 , 2010, and

U.S. Patent Application Publication No. 2010/0326916, filed June 7 , 2010, which are

both incorporated herein by reference in their entireties.

[0059] FIG. 7A shows a plan view of an embodiment of an inlet lamina 305

that forms at least one inlet pathway where fluid flows in an inward direction (as

represented by arrows 307) through the heat exchange system 110. FIG. 7B shows a

plan view an embodiment of an outlet lamina 310 that forms at least one outlet pathway

where fluid flows in an outward direction (as represented by arrows 312) through the

heat exchange system 110 . The inlet pathway and the outlet pathway may each

include one or more microchannels. In some embodiments, the inlet and outlet pathway

include a plurality of microchannels arranged in parallel relationship.

[0060] FIGS. 7A and 7B show the laminae 305 and 310 positioned adjacent

to each other, although in assembled device the laminae are stacked atop one another

in an interleaved configuration. FIG. 7C shows the inlet lamina 305 and outlet lamina

310 superimposed over one another showing both the inlet pathway and outlet pathway.

The inlet lamina 305 and outlet lamina 310 can be stacked atop one another with a fluid

conduit therebetween so fluid may flow through the conduit from the inlet pathway to the

outlet pathway, as described more fully below. When stacked, a transfer layer may be



interposed between the inlet lamina 305 and the outlet lamina 310. The transfer layer is

configured to permit heat to transfer from fluid in the outlet pathway to fluid in the inlet

pathway. The transfer layer may be any material capable of conducting heat from one

fluid to another fluid at a sufficient rate for the desired application. Relevant factors

include, without limitation, the thermal conductivity of the heat transfer layer 110 , the

thickness of the heat transfer layer, and the desired rate of heat transfer. Suitable

materials include, without limitation, metal, metal alloy, ceramic, polymer, or composites

thereof. Suitable metals include, without limitation, stainless steel, iron, copper,

aluminum, nickel, titanium, gold, silver, or tin, and alloys of these metals. Copper may

be a particularly desirable material. In another embodiment, there is no transfer layer

between the inlet and outlet laminae and the laminae themselves serve as the thermal

transfer layer between the flow pathways.

[0061] The inlet lamina 305 and outlet lamina 3 10 both include at least one

inlet opening 320 and at least one outlet opening 325. When the inlet lamina 305 and

outlet lamina 310 are stacked atop one another and properly aligned, the inlet openings

320 align to collectively form a fluid pathway that extends through the stack and

communicates with the inlet pathway of the inlet lamina 305, as shown in FIG. 7C.

Likewise, the outlet openings 325 also align to collectively form a fluid pathway that

communicates with the outlet pathway of the outlet laminae 310. Any quantity of inlet

laminae and outlet laminae can be stacked to form multiple layers of inlet and outlet

pathways for the heat exchange system 110. The quantity of layers can be selected to

provide predetermined characteristics to the microfluidic heat exchange system 110,

such as to vary the amount of heat exchange in the fluid, the flow rate of the fluid

capable of being handled by the system, etc. In an embodiment, the heat exchange

system 110 achieves incoming liquid flow rates of at least 100 ml/min.

[0062] With reference again to FIG. 7A, the inlet pathway and outlet

pathway each include a heat exchange region. The heat exchange regions are referred



to collectively using the reference numeral 350 and individually using reference numeral

350a (for the inlet pathway) and reference numeral 350b (for the outlet pathway). The

heat exchange regions 350 are the locations where the colder fluid (relative to the fluid

in the outlet pathway) of the inlet pathway receives heat transferred from the hotter fluid

(relative to the fluid in the inlet pathway) of the outlet pathway. As discussed above, the

relatively colder fluid in the inflow pathway is positioned to flow in thermal

communication with the relatively hotter fluid in the outflow pathway. In this layered

embodiment, the inflow pathway is positioned immediately above (or below) the outflow

pathway when the lamina are stacked. Heat transfers across the transfer layer from the

fluid in the outflow pathway to the fluid in the inflow pathway as a result of the

temperature differential between the fluid in the inflow pathway and the fluid in the

outflow pathway and the thermal conductivity of the material separating the two

pathways. Again rather than including a series of microchannels, the heat exchange

regions may also include a microfluidic flow field as described above.

[0063] With reference still to FIG. 7A, the fluid in the inflow pathway flows

into a heater region 355 from the heat exchange region 350. A plurality of pins 357 may

be positioned in the inlet flow pathway between the heat exchange region 350 and the

heater region 355 (see also FIG. 8). The pins 357 disrupt the fluid flow and promote

mixing, which may improve both fluid flow and heat distribution. In an embodiment, the

inflow pathway bifurcates into at least two flow pathways in the heater region 355 to

accommodate a desired flow rate. Alternatively only one flow path through the heater

region may be utilized, or three or more flow paths may be selected. The heater region

355 includes one or more heaters 220 that thermally communicate with fluid flowing

through this region, but are hermetically isolated from the flow path. The heaters 220

add heat to the incoming fluid sufficient to raise temperature of the fluid to the desired

temperature, which may include a pasteurization temperature. The incoming fluid was

previously preheated as it flowed through the heat exchange region 350. This



advantageously reduced the energy requirements for the heaters. The heater region

355 serves as both a region where the heater 220 heats the fluid and as a residence

chamber where the fluid remains heated at or above the desired temperature for a

predetermined amount of time. The fluid flow path can completely encircle each of the

heaters 220 so that any shim material conducting heat away from the heater 220 can

have fluid flowing over it to receive the heat, thereby minimizing heat loss to the

environment. In addition, the flowpaths around each heater 220 can be relatively

narrow so that non-uniform heating due to separation from the heaters 220 will be

avoided.

[0064] The laminae in the stack may include through-etches at entry

locations 505 to the heater region 355 such that fluid entering the heater region 355

can pass through all the laminae in the stack. Through-etching allows all laminae

around the heater region 355 to participate in heating of the fluid instead of maintaining

the fluid only in the plane of the inlet laminae. This provides more surface area between

the fluid and the heaters 220 and also provides lower overall fluid velocity to facilitate

the heating of the fluid to the required temperature.

[0065] As mentioned, the inflow pathway may bifurcate into multiple flow

pathways. Each pathway may include one or more heaters 220 arranged within the

pathway so as to maximize or otherwise increase the amount of surface area contact

between the heaters 220 and fluid flowing through the pathways. In this regard, the

heaters 220 may be positioned towards the middle of the pathway such that the fluid

must flow around either side of the heaters 220 along a semicircular or otherwise

curvilinear pathway around the heaters 220. The heaters 220 can vary in configuration.

In an embodiment, the heaters 220 are conventional cartridge heaters with a 1/8-inch

diameter which can be run in an embodiment at a combined rate of between about

70,000 and 110,000 W/m2, which results in energy usages of less than 100 W in one

embodiment, and less than 200 W in another embodiment, for the entire stack running



at about 100 mL/minute. In an embodiment, the system uses six heaters in a

configuration of three heaters per flow pathway wherein each heater uses about 70 W

for a 100 ml/min flow rate. In an embodiment the fluid is forced to flow around the

heaters in paths 1.6 mm wide. The heaters 220 can include a 150-Watt McMaster-Carr

cartridge heater (model 3618K451 ) .

[0066] With reference again to FIG. 7A, the inflow pathway transitions from

the heater section 355 to the residence chamber 360. By the time the fluid flows into

the residence chamber 360, it has been heated to the desired temperature, such as the

pasteurization temperature, as a result of the heat transfer in the heat exchange region

350 and/or by being heated in the heater section 355. In the case of multiple laminae

being stacked, the residence chamber 360 may be a single chamber that spans all of

the layers of laminae in the stack such that the fluid from each inlet lamina flows into a

single volume of fluid in the residence chamber 360. The residence chamber 360 is

configured such that fluid flow 'shortcuts' are eliminated, all of the fluid is forced to travel

a flow pathway such that no portion of the fluid will reside in the residence chamber 360

for the less than the desired duration at a specified flow rate, and the fluid is maintained

at or above the pasteurization temperature for the duration of the time (i.e., the dwell

time) that the fluid is within the residence chamber 360. In effect, the residence time is

a result of the dimensions of the flowpath through the residence area and the flow rate.

It will thus be apparent to one of skill in the art how to design a residence pathway for a

desired duration.

[0067] With reference again to FIG. 7B, the outlet pathway passes between

the heaters 220, which act as insulators for the fluid to lessen the likelihood of the fluid

losing heat at this stage of the flow pathway. The heated fluid of the outlet pathway

then flows toward the heat exchange region 350b. The outlet flow pathway expands

prior to reaching the heat exchange region 350b. A set of expansion fans 367 directs

the fluid into the expanded heat exchange region 350b of the outlet pathway, where the



fluid thermally communicates with the cooler fluid in the inflow pathway. As discussed,

heat from the fluid in the hotter outflow pathway transfers to the cooler fluid in the inflow

pathway. This results in cooling of the outflowing fluid and heating of the inflowing fluid.

The fluid then flows from the heat exchange region 350b to the outlet opening 325. At

this stage, the fluid is in a cooled, pasteurized state.

[0068] The width of the ribs separating channels in the heat exchange

portion can be reduced, which would have the effect of increasing the available heat

transfer area and reducing the length of the heat exchange portion required for the

desired energy efficiency level of the device. Energy efficiency levels of at least about

85%, and in some embodiment of at least about 90% can be achieved, meaning that

90% of the thermal energy from the outgoing fluid can be transferred to the incoming

fluid stream and recaptured without loss.

[0069] As mentioned, the microfluidic heat exchange system 110 may be

formed of a plurality of lamina stacked atop one another and diffusion bonded.

Additional information concerning diffusion bonding is provided by U.S. Patent

Application Publication nos. 2008/0108122 and 2009/0092526, which are incorporated

herein by reference. In an embodiment, the stack includes multiple sets of lamina with

each set including an inlet lamina 305 juxtaposed with an outlet lamina 310. Each set of

juxtaposed inlet lamina and outlet lamina forms a single heat exchange unit. The stack

of lamina may therefore include a plurality of heat exchange units wherein each unit is

formed of an inlet lamina 305 coupled to an outlet lamina 310. The flow pathways for

each lamina may be formed by etching on the surface of the lamina, such as by etching

on one side only of each lamina. When the laminae are juxtaposed, the etched side of

a lamina seals against the un-etched sided of an adjacent, neighboring lamina. This

may provide desirable conditions for heat exchange and separation of the incoming fluid

(which is not pasteurized) and the outgoing fluid (which is pasteurized).



[0070] FIG. 9 shows a perspective view of a stack 805 of laminae. The

stack 805 is shown in partial cross-section at various levels of the stack including at an

upper-most outlet lamina 3 10 , a mid-level inlet lamina 305a, and a lower level inlet

lamina 305b. As mentioned, the stack 805 is formed of alternating inlet laminae and

outlet laminae interleaved with one another. The heaters 220 are positioned within cut

outs that extend through the entire stack 805 across all the laminae in the stack 805.

The residence chamber 360 and the aligned inlet openings 320 and outlet openings 325

also extend entirely through the stack 805. The laminae may also include one or more

holes 8 10 that align when the lamina are stacked to form shafts through which

alignment posts may be inserted. The laminae are stacked in a manner that achieves

proper alignment of the laminae. For example, when properly stacked, the inlet

openings 320 of all the laminae align to collectively form an inlet passage for fluid to

flow into the system and the outlet openings 325 align to collectively form an outlet

passage, as shown in FIG. 9 . The properly-aligned stack of laminae may also include

one or more seats for coupling the heaters 220 in the stack. One or more features can

be used to assist in proper alignment of the laminae in the stack, such as alignment

posts and/or visual indicators of proper alignment. The stack may include a top cover

positioned on the top-most lamina and a bottom cover positioned on the bottom-most

lamina.

[0071] Dialysis systems known in the art can be relatively energy-inefficient

and require large amounts of energy for proper use limiting their use in home dialysis.

The heat exchange system 110 described herein can have an insulating architecture

that prevents heat loss of the water passing therethrough such as to the outside

environment. As such, the overall power consumption is reduced or minimized and the

systems are optimized for use in home dialysis.

[0072] In some embodiments, the stack 805 of laminae of the heat

exchange system 110 includes an external insulation wrap. The stack 850 can also be



encased in insulation to prevent heat loss to the outside environment. In other

embodiments, the stack 805 can include one or more insulating channels 812 that can

prevent or inhibit loss of heat from one or more regions of the flow field. As shown in

FIG. 10, the insulating channel 812 can be formed by one or more cut-outs that each

extend through a respective laminae in the stack. The cut-outs can be positioned such

that they vertically align with one another when the laminae are properly stacked atop

one another. In this manner, the cut-outs collectively form a chamber that that extends

through and across all of the laminae in the stack. In some embodiments, the method

of forming the stack resulting in the laminae adhering to each other may result in the

formation of a partial vacuum in the channel 812. The vacuum can enhance the

insulating properties of the channel 812. The chamber serves as an insulator that

prevents or inhibits heat loss from the fluid pathway. In the regard, the chamber can be

sized and shaped to extend around the entire perimeter of or a portion of the perimeter

of the fluid pathway. For example, the channel can extend along at least 4 , 3 , 2 or 1

side of the flow path. In various embodiments, the channel extends around 50, 60, 70,

80, 90, or 95 percent of a perimeter of the flow pathway.

[0073] The channels can have any of a variety of shapes configured to

surround a portion of or the entire flow pathway. For example, in the embodiment

shown in FIG. 10, each channel 812 is formed by three straight segments that

collectively form a substantial "U" shape around three sides of the flow paths. The

segments need not be straight but could also be curved. In another embodiment, a

plurality of channels 812 is used wherein each individual channel surrounds just a

portion of the flow field and the plurality of channels collectively surrounds a majority of

the flow paths. FIG. 11 shows another embodiment of the lamina that includes a pair of

heat exchange regions 350 that are fed fluid from an inlet 320. The lamina may include

two or more heat exchange regions 350 that are collectively or individually surrounded

by channels 812 that serve to insulate the heat exchange regions. In yet another



embodiment, shown in FIG. 12, the heat exchange regions 350 have a coiled

configuration and is surrounded by a similarly coiled channel 812. The channel 812

serve to insulate the heat exchange regions 350.

[0074] Any of the fluid volumes or pathways within the stack 805 can be

surrounded by one or more of the channels 812. In some embodiments, at least the

heat exchange region 350 is substantially surrounded by one or more of the channels

812. In another embodiment, at least the heater region 355 is substantially surrounded

by one or more of the channels 812. Or at least the residence chamber 360 is

substantially surrounded by one or more of the channels 812. In other embodiments,

the heat exchange region 350, the heater region 355 and the residence chamber 360

are substantially surrounded by one or more of the channels 812. The channels 812

can be filled with a material or can be empty. In the assembled stack of lamina, the

channels are enclosed along the sides by the laminae themselves and enclosed on the

top and bottom by one or more plates such that the channels collectively form an

enclosed chamber that at least partially surrounds the fluid pathways of the laminae.

Upon use of the system, pressure differentials within the system may cause air or any

other fluid to evacuate from the channels 812 such that a vacuum or partial vacuum is

formed. The vacuum acts to insulate the flow pathways from the outside environment

preventing or inhibiting heat loss and ultimately reducing power consumption of the

system.

C. Dialysate Preparation Sub-System

[0075] The water is in a pasteurized state as it exits the water purification

system 5 and flows into the dialysate preparation system 10 . The dialysate preparation

system 10 is configured to mix the pasteurized water with a supply of concentrate

solutions in order to make dialysate. FIG. 4 shows a high level, schematic view of the



dialysate preparation system 5 . The embodiment of FIG. 4 is exemplary and it should

be appreciated that variations are within the scope of this disclosure.

[0076] The dialysate preparation system 10 can include an acid pump 170

that fluidly communicates with a supply of concentrated acidified dialysate concentrate

for mixing with the purified water. The water can flow from the water purification system

5 to the acid pump 170, which pumps the acid concentrate into the water. The water

(mixed with acid) can then flow into a first mixing chamber 172, which is configured to

mix the water with the acid such as by causing turbulent flow. From the first mixing

chamber 172, the acid-water mixture can flow toward a bicarbonate pump 174. A

sensor, such as a conductivity sensor, may be positioned downstream of the first mixing

chamber 172. The conductivity sensor is configured to detect a level of electrolytes in

the mixture. The conductivity sensor may be in a closed loop communication with the

acid pump 170 and a control system that may regulate the speed of the acid pump to

achieve a desired level of acid pumping into the water.

[0077] The bicarbonate pump 174 can pump bicarbonate concentrate into

the acid-water mixture at a level sufficient to form dialysate. The resulting mixture of

fluid flows into a second mixing chamber 177 and exits the second mixing chamber 177

as dialysate. Another sensor, such as a conductivity sensor, may be positioned

downstream of the second mixing chamber 172. The second conductivity sensor may

be in a closed loop communication with the bicarbonate pump 177. The dialysate can

then flow toward the flow balancer system and the dialyzer.

D. Dialyzer Sub-System

[0078] FIG. 5 is a schematic, cross-sectional view of the dialyzer 15, which

defines a blood compartment having a blood flow pathway 205 and a dialysate

compartment having a dialysate flow pathway 210 separated by a transfer layer

comprised of a semi-permeable membrane 215. In an embodiment, the dialyzer



includes one or more microfluidic pathways such as micro flow fields and/or

microchannels. Exemplary embodiments of dialyzers that utilize micro flow fields and/or

microchannels and/or flow field dialyzers are described in U.S. Patent Publication No.

2010/0326914, filed June 7 , 2010, which is incorporated by reference in its entirety.

However, the dialysis system can be used with any of a variety of dialyzers including a

variety of commercially-available dialyzers.

[0079] The blood (from a patient) can enter the blood flow pathway 205 via

a blood inlet 2 16 , flow through the blood flow pathway 205, and exit via a blood outlet

217. The dialysate can enter the dialysate flow pathway 210 via a fluid inlet 218, flow

through the dialysate flow pathway 210, and exit via a fluid outlet 219. The semi

permeable membrane 215 is configured to allow the transfer of one or more substances

from the blood in the blood flow pathway 205 to the dialysate in the dialysate flow

pathway 210, or visa-versa.

[0080] Some examples of materials that may be used as the

semipermeable membrane 2 15 include polymers, copolymers, metals, ceramics,

composites, and/or liquid membranes. One example of a composite membrane is

polysulfone-nanocrystalline cellulose composite membrane such as AN69 flat sheet

membranes available from Gambro Medical. Gas-liquid contactor membranes may also

be employed for transferring a substance between a liquid and gas such as for

oxygenation of blood, whereby the membrane allows transfer of carbon dioxide and

oxygen, such that oxygen transfers to blood from oxygen or oxygen-enriched air, and

carbon dioxide transfers from the blood to the gas. Fluid membranes may also be

employed. Fluid membranes can include a lamina having through cut microchannels

containing fluid and a first and second membrane support positioned to contain fluid in

the microchannels.



[0081] When flowing through the dialyzer 15, the blood and the dialysate

may flow in a counter-flow configuration wherein blood flows through the blood flow

pathway 205 in one direction and the dialysate flows through the dialysate flow pathway

210 in the opposite direction. The dialyzer 15 is described in the context of having a

counter-flow configuration although a cross-flow configuration may also be used. As the

blood and water flow along the membrane 215, hemodialysis can occur. The dialyzer 15

is also configured to perform ultrafiltration wherein a pressure differential across the

membrane 215 results in fluid and dissolved solutes passing across the membrane 2 15

from the blood to the dialysate.

[0082] The dialyzer 15 is also configured to perform hemodiafiltration

wherein solute movement across the semipermeable membrane 215 is governed by

convection rather than by diffusion. A positive hydrostatic pressure differential between

the blood flow pathway 205 and the dialysate flow pathway 2 10 drives water and

solutes across the semipermeable membrane 215 from the blood flow pathway to the

fluid flow pathway. Solutes of both small and large molecules get dragged through the

semipermeable membrane 2 15 along with the fluid. In a typical hemodiafiltration

procedure, the direction of water and solute movement can oscillate between moving

water and solutes from the blood into the dialysate and moving water and solutes from

the dialysate into the blood. Over a predetermined span of time, there is a net zero loss

and zero net gain of fluid from the blood into the dialysate. However, during discrete

time periods within that span of time, there can be a net loss of fluid from the blood into

the dialysate and a net gain of fluid into the blood from the dialysate.

E. Flow Balancer System

[0083] FIG. 6 shows a schematic view of the flow balancer system 20

including the dialyzer 15 . The flow balancer system 20 is adapted to regulate the flow

of dialysate into and out of the dialyzer 15 to achieve various types of dialysis, including



hemodialysis, ultrafiltration, and hemodiafiltration. The flow balancer system 20 can

include a first pump for pumping dialysate into a dialyzer and a second pump for

pumping dialysate out of the dialyzer. The system can also include a third pump that

provides improved control of a level of ultrafiltration, hemodiafiltration, or both. By

varying the relative pump speeds of the pumps, an operator can vary the level of blood

filtration and can also selectively achieve ultrafiltration and hemodiafiltration of the

blood.

[0084] The flow balancer system 20 can include plumbing that forms a

plurality of fluid flow pathways, which may be any type of conduit through which a fluid

such as dialysate may flow. The fluid flow pathways can include an inlet pathway 250

through which a fluid such as unused dialysate flows from the dialysate preparation

system 10 toward and into the dialyzer 15. At least a first pump 255 is positioned along

or in communication with the inlet pathway 250 for pumping the fluid toward the dialyzer

15 at a desired flow rate. One or more sensors S may be coupled to the fluid flow

pathway for sensing one or more characteristics of the incoming fluid, such as pressure,

flow rate, temperature, conductivity, etc. In addition, one or more sample ports P may

be coupled to the fluid flow pathways that provide access to fluid flowing through the

piping. FIG. 6 shows the sensors S and sample ports P coupled to the fluid flow

pathways at specific locations, although the quantity and locations of the sensors S and

sample ports P may vary.

[0085] The fluid flow pathways can further include an outlet pathway 260

through which used dialysate flows out of the dialyzer 15 toward one or more drains 25.

In some embodiments, the dialysate exiting the dialyzer may be used to pre-heat other

incoming fluids in the system, such as the water stream entering the heat exchange and

purification system, before reaching the drain 25. The outlet pathway 260 can bifurcate

into two or more outlet pathways including a main outlet pathway 260a and a secondary

outlet pathway 260b. At least a second pump 265 can be positioned along or in



communication with the main outlet pathway 260a for pumping the dialysate out of and

away from the dialyzer 15 through the main outlet pathway 260a.

[0086] A third pump 270 can be positioned along or in communication with

the secondary outlet pathway second valve 285. The third pump 270 can be used to

augment fluid flow through the fluid flow pathways such as to selectively achieve

differentials in flow rates between the inlet pathway 250 and the outlet pathway 260

pursuant to achieving various types of dialysis, including hemodialysis, ultrafiltration,

and hemodiafiltration, as described more fully below. The third pump can pump

dialysate through the fluid flow pathways when the system is in dialysis mode. The third

pump may also pump another fluid, such as water or disinfectant, when the system is in

a different mode, such as in a calibration mode or in a cleaning mode.

[0087] The third pump 270 can be positioned along the inlet pathway 250

upstream of the inlet 218 of the dialyzer 15. In this embodiment, the secondary outlet

pathway 260 branches off the inlet pathway 250 at a location downstream of the first

pump 255 and upstream of the first valve 280. The third pump 270 can pump fluid

toward the drain 25. In another embodiment, the third pump 270 and the second pump

265 are both positioned along a single, non-bifurcating outflow pathway.

[0088] Various types of pumps may be used for the first, second and third

pumps. In an embodiment, the pumps are nutating pumps. On other embodiments, the

pumps could be rotary lobe pumps, progressing cavity pumps, rotary gear pumps,

piston pumps, diaphragm pumps, screw pumps, gear pumps, hydraulic pumps, vane

pumps, regenerative (peripheral) pumps, or peristaltic pumps, or any combination

thereof. Other types of pumps can also be used. The first pump 255 and the second

pump 265 may be driven by a common shaft to ensure synchrony of the pump strokes

and the volume of fluid pumped. It is understood that first pump 255 and the second

pump 265 may also be fully independent from each other.



[0089] As mentioned, any of a variety of fluid conduits may be used to form

the fluid flow pathways of the flow balancer system 20. In an embodiment, at least a

portion of the fluid flow pathway is formed of piping having an inside diameter from 1/8

inch to ½ inch. The flow rate in the piping could range between about 50 ml/min to

about 1,000 ml/min. In an embodiment, the flow rate is in the range of between about

100 ml/min and about 300 ml/min.

[0090] The fluid flow pathways further can include a bypass pathway 275

that directly connects fluidly the inlet pathway 250 and the outlet pathway 260. An

exemplary purpose of the bypass pathway 275 is to provide a fluid flow pathway where

fluid can flow into and out of the dialysis system and bypass the dialyzer 15, such as for

flushing, cleaning or calibrating the system. In an embodiment, the junction between

the inlet pathway 250 and bypass pathway 275 is located upstream of the fluid inlet 120

of the dialyzer 15, and the junction between the bypass pathway 275 and the outlet

pathway is located downstream of the fluid outlet 125 of the dialyzer 15. However,

other configurations of the bypass pathway 275 can be used to achieve bypassing of

the dialyzer 15.

[0091] A first valve 280 can be positioned at the junction between the inlet

pathway 250 and the bypass pathway 275. A second valve 285 can be positioned at

the junction between the bypass pathway 275 and the outlet pathway 260. The first

valve 280 and second valve 285 can be three-way valves, such as solenoid valves, that

can be used to selectively regulate fluid flow through the fluid flow pathways. That is,

the first valve 280 can be set to either of two or more settings including ( 1 ) a dialysis

setting wherein the first valve directs all incoming fluid along the inlet pathway 250

toward the dialyzer 15 (as represented by arrow A in FIG. 6) and prevents incoming

fluid from flowing into the bypass pathway 275; or (2) a bypass setting wherein the first

valve 280 diverts all the incoming fluid into the bypass pathway 275 (as represented by



arrow B in FIG. 6) and the prevents incoming fluid from flowing past the first valve

toward the dialyzer 15.

[0092] The second valve 285 can also be set to either of two settings

including ( 1 ) a bypass setting wherein the second valve 285 directs incoming fluid from

the bypass pathway 275 into the outlet pathway 260 (as represented by arrow C in

FIG. 6); or (2) a dialysis setting wherein the second valve 285 closes flow from the

bypass pathway 275 such that outgoing fluid from the dialyzer outlet 125 continues to

flow outward along the outlet pathway 260 (as represented by arrow D in FIG. 6.) The

first valve 280 and the second valve 285 are generally both set in tandem to either the

bypass setting or the dialysis setting. The system may include a control and safety

system that ensures that the first and second valves are not set to incompatible

settings.

[0093] The arrangement of the various components of the dialysis system

shown in FIG. 6 is exemplary and other arrangements are possible. For example, the

flow pathways and the pumps may be placed in different locations along the flow

pathways from what is shown in FIG. 6 . In an embodiment, the third pump 270 can be

positioned in the flow pathway at a location upstream of the dialyzer 15 and

downstream of the first valve 280 or the third pump can be positioned downstream of

the dialyzer 15 and upstream of the second valve 285. Moreover, the system can

employ more than three pumps.

[0094] Purified water from within the systems described herein can be used

to flush, prime and lubricate components of the various pumps of the various sub

systems. For example, purified water from the heat exchanger system 110 can be used

to prime or flush the pump gland, pump heads and seals of the acid pump 170 and/or

the bicarbonate pump 174 of the dialysate preparation system 10 (FIG. 4). Similarly,

purified water from the heat exchanger system 110 can be used to prime the one or



more of the flow balancer pumps 255, 265, 270 (FIG. 6). Using purified water internal to

the system as pump gland flush fluid to lubricate heads of flow system reduces the need

for fluid from an outside source and reduces the overall water consumption of the

systems and takes advantage of the highly pure water available from the HEX system.

In this regard, the plumbing of the system may include one or more flow pathway that

are dedicated to guiding purified water to the pump or pumps that are to be flushed.

The control system may be configured to automatically guide purified water to the

pumps or the control system may be configured to permit a user to selectively guide

purified water to the pumps.



F. Other applications

[0095] As mentioned above, the fluid purification systems described herein

can be useful for purposes other than dialysis. For example, the water purification sub

system 5 and in particular, the heat exchanger system 110 can be beneficial for

purification of fluids such as water sources for human consumption. Further, the fluid

purification systems described herein need not be powered by conventional energy

sources such as by plugging into an electrical outlet. The fluid purification systems

described herein can be powered by renewable energy sources including solar, user-

powered generator, or other gridless energy sources. Such power sources allow the

system to be used in emergency situations, power failures, remote locations or any

other off-grid application such as in poor regions of the world where electricity is not

readily available and clean water may be in high demand. In some embodiments, the

heat exchanger system 110 can be coupled to a user-powered generator and include

one or more batteries configured to run small appliances and capable of being charged

by the generator. The user-powered generator can be cranked such as by hand or by

pedaling on a bicycle to charge the batteries and power the heat exchanger

system 110.

[0096] While this specification contains many specifics, these should not be

construed as limitations on the scope of an invention that is claimed or of what may be

claimed, but rather as descriptions of features specific to particular embodiments.

Certain features that are described in this specification in the context of separate

embodiments can also be implemented in combination in a single embodiment.

Conversely, various features that are described in the context of a single embodiment

can also be implemented in multiple embodiments separately or in any suitable sub

combination. Moreover, although features may be described above as acting in certain

combinations and even initially claimed as such, one or more features from a claimed

combination can in some cases be excised from the combination, and the claimed



combination may be directed to a sub-combination or a variation of a sub-combination.

Similarly, while operations are depicted in the drawings in a particular order, this should

not be understood as requiring that such operations be performed in the particular order

shown or in sequential order, or that all illustrated operations be performed, to achieve

desirable results.

[0097] Although embodiments of various methods and devices are

described herein in detail with reference to certain versions, it should be appreciated

that other versions, embodiments, methods of use, and combinations thereof are also

possible. Therefore the spirit and scope of the appended claims should not be limited to

the description of the embodiments contained herein.





CLAIMS

What is claimed is:

1. A water treatment device, comprising:

at least first and second laminae arranged in a stacked relationship so as to form

a stack of laminae, each lamina having a fluid flow field, the fluid flow field of the first

lamina configured for receiving blood and the fluid flow field of the second lamina

configured for receiving dialysate;

a first cut-out in the first lamina, wherein the first cut-out surrounds at least a

portion of the fluid flow field of the first lamina;

a second cut-out on the second lamina, wherein the second cut-out surrounds at

least a portion of the fluid flow field of the second lamina, and wherein the first and

second cut-outs vertically align with one another in the stack to form a collective cut-out

that extends through the stack; and

a first plate on the top of the stack and a second plate on the bottom of the stack,

wherein the first and second plates enclose the top and bottom of the collective cut-out

creating an insulating chamber to the fluid flow fields of the stack.

2 . The device of claim 1, wherein each cut-out surrounds a respective flow

field along at least three sides of the flow field.

3 . The device of claim 1, wherein each cut-out surrounds at least eighty

percent of the respective flow field.

4 . The device of claim 1, wherein the stack includes more than two laminae.



5 . The device of claim 1, wherein the collective cut-out forms a U-shape

around the fluid flow fields of the stack.

6 . The device of claim 1, further comprising at least one heat transfer layer

interleaved between the first and second flow fields, across which layer dialysis of the

blood occurs when in operation.

7 . The device of claim 1, wherein the insulating channel inhibits loss of heat

from one or more regions of the flow field.

8 . The device of claim 1, wherein a partial vacuum is formed within the

insulating chamber.

9 . The device of claim 1, wherein the fluid flow fields of the laminae have a

coiled configuration and are surrounded by a coiled insulating chamber.
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