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(57) ABSTRACT 

Methods and devices for the management of ?uid flow 
within nanoscale analytical systems, comprising a freeze 
thaW valve having differing geomentries to constrict a frozen 
plug Within the freeze thaW segment. The freeze thaW valve 
is directed to use in high-pressure analytical systems. The 
geometry of an inner diameter of a channel or tube Within a 
freeze thaW segment is con?gured to cause constriction of a 
freeze plug When axial force is applied. The constriction is 
used in the ?oW-path of a freeze thaW valve to prevent 
movement of the frozen plug at high pressures to avoid valve 
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FLUID FLOW CONTROL FREEZE/THAW VALVE 
FOR NARROW BORE CAPILLARIES OR 

MICROFLUIDIC DEVICES 

FIELD OF THE INVENTION 

[0001] This invention relates generally to a method and 
apparatus for controlling liquid ?oW through nanoscale 
capillary tubing and channels, by freezing the liquid or 
thaWing the froZen liquid in a segment of the tube or 
channel. 

BACKGROUND OF THE INVENTION 

[0002] The management of the ?oW of liquids Within 
small diameter channels presents challenges as the scale of 
the channels and volumes of the liquids are reduced. One 
signi?cant constraint is the con?guration of traditional valve 
technology. Nanoliter volume-scale ?uid management is 
severely negatively affected by poorly-sWept or “dead” 
volume that is inherent Within traditional valving methods. 
The method of using a ?uid Within these nanoscale capil 
laries and channels to act as its oWn on/off valve by freeZing 
and thaWing that liquid is knoWn in the art, see for example 
US. Pat. Nos. 6,159,744 and 5,795,788. It has been found 
that the ?oW of liquids can be diverted to a further channel 
or chamber by merely freeZing and thaWing the liquid 
contained Within a segment of tubing or channel. This 
?oW-sWitching device, that is commonly referred to as 
“freeZe thaW valving”, requires no moving parts and most 
importantly contributes substantially no dead volume Within 
the analytical system. 

[0003] Prior art freeZe thaW valves rely on the resistance 
to shearing motion that is obtained betWeen a resulting 
froZen plug and the channel Wall to restrict ?uid ?oW during 
the valve closed state. While this method of ?uid manage 
ment has been successful in analytical systems involving 
loW pressure, experience With these valves at high pressures 
(e.g. greater than 20,000 psi) reveals that the froZen plug 
can be displaced from the valving segment resulting in 
loW-level ?oW or leakage. As the froZen plug is extruded out 
of the valving segment, neW ?uid entering the valving 
segment is solidi?ed maintaining an incomplete valve clo 
sure. Unfortunately, this loW-level leakage is unacceptable 
When these freeZe thaW valves are used for capillary chro 
matography and other nanoscale analytical systems Where 
?uid ?oW rates as loW as a feW nanoliters per minute and 
high delivery pressures are used. 

SUMMARY OF THE INVENTION 

[0004] The invention provides methods and devices for 
the management of ?uid ?oW Within high pressure nanoscale 
analytical systems. The device comprises freeZe thaW valves 
implemented by ?uid conduits having differing geometries 
to restrain the motion of froZen plugs. The freeZe thaW valve 
contemplated by the invention is directed to use in high 
pressure analytical systems. The geometry of a ?uid conduit 
Within a freeZe thaW segment of the valve is con?gured to 
cause constriction of at least a portion of a freeZe plug, When 
a hydraulic load is applied to the upstream side of the plug. 
This geometry is used in the ?oW path of the freeZe thaW 
valve segment to prevent movement of the froZen plug at 
high pressures to substantially avoid leakage. The con?gu 
ration of the freeZe thaW segment can be a variety of 
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geometries that cause the constriction of the freeZe plug 
When a hydraulic load is applied. 

[0005] The ?uid conduits contemplated Within the inven 
tion have transverse dimensions (normal to the ?oW axis) on 
the order of approximately 2 pm to 500 pm, and more 
typically 25-100 pm. The pressures Within the analytical 
systems utiliZing the freeZe thaW segments contemplated 
Within the invention are on the order of approximately 
20,000 PSIG or greater. 

[0006] Means for freeZing the liquid phase Within the 
freeZe thaW segment, in an illustrative embodiment, is a 
?nely directed jet of cooling gas. The cooling gas can be 
provided from a lique?ed source of gas under pressure, such 
as liquid carbon dioxide. Alternative means for freeZing the 
liquid phase, Within the freeZe thaW segment, include the use 
of a cryogenic liquid such as liquid nitrogen, or a thermo 
electric method such as a Peltier-based heat pump. It is 
contemplated Within the invention, that a Warming means 
for thaWing the froZen plug, Within the freeZe thaW segment, 
can be a directed jet of Warm air or other gas, an electrical 
resistance heating element, or the ambient air Within the 
analytical environment. The temperature of the freeZe thaW 
segment may be monitored by conventional means knoWn to 
those skilled in the art such as a thermocouple incorporated 
into the freeZe thaW segment. Further, the cooling means 
may be applied continuously during the time required to 
maintain the limiting froZen plug and interrupted by alter 
native heating means When ?uid ?oW is desired. 

[0007] Advantages of the invention include provision of a 
simple and loW cost mechanism for implementing freeZe 
thaW valving in high pressure contexts. Migration of the 
froZen plug and leakage are substantially avoided. The 
present invention provides methods and apparatus for the 
management of ?uid ?oW Within a nanoscale high pressure 
analytical system While avoiding introduction of poorly 
sWept or dead volumes. 

BRIEF DESCRIPTION OF DRAWINGS 

[0008] These and other features and advantages of the 
present invention Will become apparent from the folloWing 
detailed description taken in conjunction With the accom 
panying draWings Which illustrate the exemplary embodi 
ments of the method and apparatus for freeZe thaW valving 
of the present invention. 

[0009] FIGS. 1A, 1B, and 1C depict prior art freeZe thaW 
valving; 
[0010] FIGS. 2A and 2B depict con?gurations used to 
constrict a freeZe plug; 

[0011] FIG. 3 depicts a porous frit bonded to a capillary 
Wall to constrict a freeZe plug; 

[0012] FIG. 4 depicts capillaries having different diameter 
to constrict a freeZe plug; 

[0013] FIG. 5 depicts chemical modi?cation of capillary 
Walls to impart surface roughness; and 

[0014] FIG. 6 depicts a bend in a capillary tube used to 
constrict a freeZe plug. 

DETAILED DESCRIPTION 

[0015] In typical freeZe thaW valves a resistance to shear 
ing motion exists betWeen the froZen liquid plug and cap 
illary Walls; that resistance is suf?cient to restrict ?uid ?oW. 
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However, this method of valving has been found to be 
problematic as pressures are increased, such as Within a high 
pressure analytical system. Referring to FIGS. 1A and 1B, 
a typical freeZe thaW valve is depicted. In the typical freeZe 
thaW valve a solid plug 101 is formed Within a segment of 
capillary tubing 104 by directing a refrigerant 103 such as 
carbon dioxide to a selected segment 102 of capillary tubing 
104 or channel. As shoWn in FIG. 1B, the froZen plug 101 
is formed causing ?uid ?oW Within the selected segment 102 
to cease. Turning to FIG. 1C, a high pressure analytical 
system (eg 20,000 psi or greater) is depicted. Within this 
high pressure analytical system, ?uid pressure Within the 
capillary tubing 104 or channel produces an axial force on 
the froZen plug, Which creates a shear stress at the interface 
betWeen the formed froZen plug 101 and capillary Wall 105. 
A suf?ciently high applied ?uid pressure Will cause the 
froZen plug 101 to move. The movement of the froZen plug 
101 results in valve leakage. While a subsequent froZen plug 
106 is formed, the movement of the original froZen plug 101 
can be problematic for the doWnstream analysis. 

[0016] Turning to FIG. 2A, the interior geometry of a 
capillary tubing is changed to provide a freeZe thaW valve 
that not only relies on the resistance to shearing motion 
obtained betWeen a froZen plug 202 and the corresponding 
capillary Walls, but also uses a region of convergent geom 
etry Within the ?uid channel to prevent the froZen plug from 
moving and causing leakage. A taper 201 is formed Within 
the interior of the capillary to alloW constriction of the 
froZen plug 202 in the presence of an applied hydraulic load, 
preventing failure and migration of the freeZe thaW plug in 
analytical systems that involve ?uid pressures in excess of 
20,000 psi. The altered geometry of the freeZe thaW seg 
ment is formed by tapering the internal dimensions of the 
capillary tubing or channel to form a convergent region. For 
example, the capillary internal diameter can be tapered 
inWardly approximately one-half the normal capillary inte 
rior diameter over a length of approximately one times the 
normal capillary interior diameter (eg for a 100 pm capil 
lary a taper to 50 pm over a length of 100 pm) in order to 
facilitate the constriction feature or mechanism. 

[0017] As shoWn in FIG. 2B, an illustrative alternative 
embodiment has a freeZe thaW segment 301 having an 
interior channel 302 With a geometry that is bulbous in 
con?guration, including a divergent region folloWed by a 
convergent region. As in the above inventive freeZe thaW 
valves, the geometry of this embodiment imparts, in addition 
to the resistance to shearing motion utiliZed in prior art 
valves, constriction forces that alloW its use in high pressure 
analytical systems. In this embodiment the capillary interior 
diameter is increased to approximately one and one-half 
times the normal capillary interior diameter over a length of 
three times the normal capillary interior diameter to form the 
constriction mechanism. 

[0018] Turning to FIG. 3, a further illustrative alternative 
embodiment is shoWn. In this alternative embodiment, a 
porous frit 401 is bonded to a capillary Wall 402 forming a 
freeZe thaW valve segment 403. As in the above inventive 
freeZe thaW valves, the con?guration of this embodiment 
provides a froZen plug 404 Within the freeZe thaW segment 
With not only a resistance to shearing motion betWeen the 
plug and the capillary Wall, but also constriction forces that 
alloW the use of this embodiment in high pressure analytical 
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systems. In this illustrative embodiment the frit 401 is 
formed by polymeriZing sodium silicate in situ over a length 
of approximately tWo times the capillary interior diameter. 
The frit 401 prepared in this Way forms covalent linkages to 
the capillary Wall thereby maintaining a stationary position. 
The frit 401 has a pore siZe of approximately 0.5 pm. Within 
this porous frit 401, the ?uid pathWays or interstitial spaces 
include repeated instances Where convergent geometry is 
obtained. 

[0019] As shoWn in FIG. 4, an additional illustrative 
alternative embodiment has a freeZe thaW segment 501 that 
has a proximal capillary 502 having a ?rst interior diameter 
504 and a distal capillary 503 having a second interior 
diameter 505. The proximal capillary 502 is joined With the 
distal capillary 503 forming the freeZe thaW segment 501. 
The ?rst interior diameter 504 is larger than the second 
interior diameter 505. The difference in the diameter of the 
?rst interior and the second interior diameters imparts to the 
freeZe thaW segment 501 a con?guration that alloWs a froZen 
plug 506 to be held in place by not only the resistance to 
shearing motion obtained at the interface betWeen the plug 
and the capillary Wall, but constrictive forces that are caused 
by the differing diameters. 

[0020] As illustrated in FIG. 5, a further alternative 
embodiment provides a freeZe thaW segment having changes 
to its interior capillary Walls 601. Chemical modi?cations of 
the interior capillary Wall, by methods knoWn to those 
skilled in the art, such as ?lling a capillary With IN NaOH 
for approximately 24 hours at 25° C., produces a capillary 
Wall that is rough in texture. This rough surface alloWs a 
froZen plug 602 to be held in place by not only resistance to 
shearing motion obtained at the interface betWeen the plug 
and the capillary Wall, but also constrictive forces that are 
created Where regions of divergent geometry are folloWed 
by regions of convergent geometry. 

[0021] In FIG. 6, yet a further alternative embodiment 
having a freeZe thaW segment 703 containing a bend 701 in 
a capillary tubing 702 or channel. This bend 701, Within the 
freeZe thaW segment 703, imparts constrictive forces that 
alloW a froZen plug to be held in place by not only resistance 
to shearing motion obtained betWeen the plug and the 
capillary Wall, but also constrictive forces that are caused by 
the non-linear shape of the freeZe thaW segment 703. 

[0022] The freeZe thaW valves according to the invention 
can be manufactured by methods knoWn to those skilled in 
the art. Capillary or channel composition Will be a function 
of structural requirements, manufacturing processes, and 
reagent compatibility/chemical resistance properties. The 
choice of materials Will depend on a number of factors such 
as ease in manufacturing and inertness to ?uids that Will ?oW 
through the nanoscale channels or capillary tubing, as is 
knoWn to those skilled in the art. Speci?cally, capillary 
tubing and channels are provided that are made from inor 
ganic crystalline or amorphous materials, eg silicon, silica, 
quartZ, inert metals, or from organic materials such as 
plastics, for example, poly(methyl methacrylate) (PMMA), 
acetonitrile-butadiene-styrene (ABS), polycarbonate, poly 
ethylene, polystyrene, polyole?ns, polypropylene, polyphe 
nylene sulphide (PPS), PEEK, and metallocene. Capillary 
tubing and channels according to the invention can be 
fabricated from thermoplastics such as polyethylene, 
polypropylene, methylmethacrylates, polycarbonates, and 



US 2003/0094206 A1 

certain Te?ons, among others, due to their ease of molding, 
stamping and milling. Alternatively, capillary tubing and 
channels can be made of silica, glass, quartz or inert metal. 

[0023] Although the present disclosure is described in 
detail With respect to chromatographic applications and 
speci?cally capillary chromatography Where ?oW rates as 
loW as 5 nanoliters per minute are used, it is contemplated 
that embodiments of the present invention can also be 
directed to industrial and process control applications as 
Well. 

[0024] Although the inventive freeZe thaW valve is dis 
cussed in terms of nanoscale applications, it should be 
appreciated that the con?gurations disclosed herein can be 
adapted to much larger scale channels or tubes Where liquids 
under high pressure are used. Although speci?c geometries 
have been set forth in the above illustrative embodiments, it 
should be appreciated that the con?gurations disclosed 
herein are not an exhaustive illustration of geometries or 
con?gurations that can be used. It should be further appre 
ciated that any of various con?guration that impart com 
pressive or constrictive forces to a freeZe plug Within a 
freeZe thaW segment, in the presence of an applied hydraulic 
load, can be utiliZed. 

[0025] Various other changes, omissions and additions in 
the form and detail of the present invention may be made 
therein Without departing from the spirit and scope of the 
invention. Therefore, the above description should not be 
construed as limiting, but merely as eXempli?cation of the 
various embodiments. 

What is claimed is: 
1. A method for managing liquid ?oW through tubing or 

channels by freeZing and thaWing the liquid Within a seg 
ment of capillary tubing or channels comprising the steps of: 

con?guring a constriction segment of an interior passage 
of said tubing or channels to have a constrictive geom 
etry; 

freeZing the constriction segment to stop the passage of 
?uids; and 

thaWing the constriction segment to alloW the passage of 
?uids. 

2. The method of claim 1 Wherein said interior passage is 
contained Within a capillary tubing. 
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3. The method of claim 1 Wherein said interior passage is 
a micro-channel. 

4. The method of claim 1 Wherein said liquid How is under 
high pressure greater than 20,000 psi. 

5. The method of claim 1 Wherein said freeZing of said 
segment is by the use of carbon dioxide. 

6. The method of claim 1 Wherein said freeZing of said 
segment is by the use of a heat pump. 

7. The method of claim 1 Wherein said constrictive 
geometry is tapered. 

8. The method of claim 1 Wherein said constrictive 
geometry is bulbous. 

9. The method of claim 1 Wherein said constrictive 
geometry has a ?rst diameter and a second diameter and said 
?rst diameter is greater than said second diameter. 

10. The method of claim 1 Wherein said geometry is a 
degree bend. 

11. An apparatus for managing liquid ?oW through tubing 
or channels by freeZing and thaWing the liquid Within a 
segment of capillary tubing or channels comprising: 

a valve segment having an interior diameter for ?uid ?oW; 

a constriction geometry Within said interior diameter; 

a means for freeZing said ?uid Within said valve segment 
forming a froZen plug; Wherein said froZen plug stops 
?uid How and is held in place by constrictive forces 
created by said constriction geometry; and 

a means for thaWing said ?uid Within said valve segment 
to alloW ?uid ?oW. 

12. The apparatus of claim 11 Wherein said liquid How is 
under high pressure greater than 20,000 psi. 

13. The apparatus of claim 11 Wherein said means for 
freeZing said segment is by the use of carbon dioXide. 

14. The apparatus of claim 11 Wherein said means for 
freeZing said segment is by the use of a heat pump. 

15. The apparatus of claim 11 Wherein said geometry is 
tapered. 

16. The apparatus of claim 11 Wherein said geometry is 
bulbous. 

17. The apparatus of claim 11 Wherein said geometry has 
a ?rst diameter and a second diameter and said ?rst diameter 
is greater than said second diameter. 

18. The apparatus of claim 11 Wherein said geometry is a 
bend. 


