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HARD COATED SUPPLY BASED SPOOL 
VALVES 

RELATED APPLICATIONS 

0001. This patent arises from a continuation-in-part of 
U.S. patent application Ser. No. 14/075,804, which was filed 
on Nov. 8, 2013 and is hereby incorporated herein by 
reference in its entirety. 

FIELD OF THE DISCLOSURE 

0002 This disclosure relates generally to spool valves 
and, more particularly, to methods and apparatus to bias 
spool valves using Supply pressure. 

BACKGROUND 

0003 Spool valves are a common component in many 
hydraulic and/or pneumatic machines and systems. Spool 
valves are used to control and/or direct the flow of fluid 
along different paths between one or more input ports of the 
spool valve to one or more output ports based upon the 
position of a spool within the spool valve. 

SUMMARY 

0004 Hard coated spool valves are disclosed. An 
example spool valve includes a sleeve and a spool to be 
positioned within the sleeve. The sleeve and the spool are 
made of a corrosion resistant material. The spool valve 
includes a wear resistant coating on at least one of the spool 
or the sleeve. 
0005. An example digital valve controller includes a 
housing and a spool valve within the housing. The spool 
valve includes a spool moveable within a sleeve. A wear 
resistant coating is to be on at least one of the spool or the 
sleeve to create a barrier between direct contact of the spool 
and the sleeve. 
0006 An example method includes machining a sleeve 
for a spool valve and machining a spool to slidably fit within 
the sleeve. The spool and the sleeve are formed of a 
corrosion resistant material. The example method includes 
applying a wear resistant coating to at least one of the sleeve 
or the spool. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0007 FIGS. 1-3 are cut-away perspective views of an 
example spool valve constructed in accordance with the 
teachings disclosed herein with the spool in different posi 
tions. 
0008 FIG. 4 is a cross-sectional view of the example 
spool valve of FIGS. 1-3. 
0009 FIG. 5 is a partially cut-away exploded view of the 
example spool valve of FIGS. 1-4. 
0010 FIG. 6 is a cross-sectional view of another example 
spool valve constructed in accordance with the teachings 
disclosed herein. 
0011 FIG. 7 is a partially cut-away exploded view of the 
example spool valve of FIG. 6. 
0012 FIG. 8 is a cut-away view of another example spool 
valve constructed in accordance with the teachings disclosed 
herein. 
0013 FIG. 9 is a cross-sectional view of another example 
spool valve constructed in accordance with the teachings 
disclosed herein. 
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0014 FIG. 10 is a schematic drawing of an example 
digital valve controller that includes the example spool valve 
of FIGS 1-5. 

0015 FIG. 11 is a close-up view of a portion of an 
example spool valve showing an example spool with an 
example wear resistant coating that may be implemented in 
any one of the spool valves of FIGS. 1-10. 
0016 FIG. 12 is a flowchart representing an example 
method to manufacture the example spool valve of FIG. 11. 

DETAILED DESCRIPTION 

0017 Many known spool valves are controlled by an 
input force that urges a spool within the valve in one 
direction and that is counteracted by a biasing force to bias 
the spool in the opposite direction. In Such known spool 
valves the biasing force is generally fixed such that by 
varying the input force, relative to the biasing force, the 
position of the spool within the spool valve can be precisely 
controlled. In many known spool valves, the input force is 
produced by an input pressure applied to an end of the spool 
where the input pressure corresponds to a proportion of a 
Supply pressure of a fluid being directed through the spool 
valve. Such spool valves are used in many different appli 
cations associated with a wide range of Supply pressures. 
Accordingly, the range of the corresponding input pressures 
of such spool valves also varies widely between different 
applications. 
0018 For spool valves to function properly, the spool 
valve employs a constant biasing force of Suitable strength 
relative to the input force to keep operating range of the 
spool valve centered within the operating range of the input 
force. Therefore, the biasing force needed to operate a spool 
valve in any particular application depends upon the Supply 
pressure used in the application. 
0019. Unfortunately, many known spool valves have a 
fixed biasing force designed for a particular Supply pressure 
and/or narrow range of Supply pressures. Accordingly, to 
satisfy the demand for spool valves to be used in different 
applications associated with wide ranging pressures, manu 
facturers are faced with the cost of producing and maintain 
ing an inventory of multiple spool valves rated for the broad 
range of expected supply pressure. While the availability of 
Such options allows end users to acquire an appropriate 
spool valve for their desired applications, there is cost and 
complexity to end users in identifying and acquiring the 
proper spool valve for their desired applications and/or when 
they use a spool valve in a new and different application. 
0020. To overcome these disadvantages, the examples 
disclosed herein include means for generating a spool bias 
ing force based on a biasing pressure that corresponds to the 
Supply pressure. In this manner, as the Supply pressure 
changes based on the particular application within which the 
spool valve is being implemented, the biasing pressure (and 
associated biasing force) changes proportionally. In this 
manner, manufacturers do not need to Supply so many 
variations of a spool valve because a single spool valve 
constructed in accordance with the teachings disclosed 
herein can be used in multiple applications associated with 
a broad range of Supply pressures. Furthermore, the example 
spool valves disclosed herein save end users cost in acquir 
ing multiple spool valves and reduce the complexity and risk 
of error in selecting a properly rated spool valve for a 
particular application. 

10



US 2017/O 138489 A1 

0021. To achieve the proper balance of forces on a spool 
so that an increase or decrease of the input force along the 
operational range of the input force, for a given Supply 
pressure, results in a desired movement of the spool along 
the travel span of the spool, the biasing force at the given 
Supply pressure needs to fall within the operational range of 
the input force. That is, while the input force can vary 
between a minimum force associated with minimum input 
pressure (e.g., atmospheric pressure) and a maximum force 
associated with a maximum input pressure (e.g., the full 
Supply pressure), the biasing force generated by the biasing 
pressure must fall between the minimum and maximum 
force. 

0022. Establishing the maximum input force to be greater 
than the biasing force, when both forces are based on the 
Supply pressure, may be accomplished in different ways. In 
Some examples, the biasing force is controlled by reducing 
the area upon which the biasing pressure is applied relative 
to the area upon which the input pressure is applied. For 
instance, in some disclosed examples, the biasing pressure is 
applied to any of a diaphragm, a piston, or a bellows that 
defines an area smaller than the area of the end of the spool 
to which the input pressure is directly applied. In other 
examples disclosed herein, the biasing force is controlled by 
reducing the biasing pressure relative to the Supply pressure. 
For instance, in some disclosed examples, the Supply pres 
Sure is passed through a first flow restrictor and partially 
directed out through a second flow restrictor leading to a 
lower pressure (e.g., the atmosphere). In such examples, the 
first and second flow restrictors are placed in series to define 
an intermediate pressure between the flow restrictors corre 
sponding to the biasing pressure. 
0023 FIGS. 1-3 are cut-away perspective views of an 
example spool valve 100 constructed in accordance with the 
teachings disclosed herein. Like other spool valves, the 
example spool valve 100 includes a spool 102 that is 
selectively moveable or slideable along a channel 104 of a 
housing 106. In the illustrated example, the spool 102 is 
shown in a first position corresponding to a minimum travel 
position in FIG. 1, in a second position corresponding to a 
null position in FIG. 2, and in a third position corresponding 
to a maximum travel position in FIG. 3. In some examples, 
the spool 102 is throttled between the minimum travel 
position and the maximum travel position based on an input 
force applied to a first end 107 of the spool 102 relative to 
a biasing force applied opposite the input force at a second 
end 108 opposite the first end 107. The comparative strength 
of the input force to the biasing force determines whether the 
spool 102 moves and in which direction along its travel 
Span. 

0024. Near the mid-point and each of the ends 107, 108 
of the spool 102 are portions where the spool 102 has a 
diameter larger than the rest of the spool 102 (referred to 
herein as lands 109) and which are dimensioned to substan 
tially sealingly engage a sleeve 110 (e.g., via a sealing ring 
and/or via tight tolerances) disposed within the channel 104. 
Between the lands 109 of the spool 102 there are portions 
having a smaller diameter to define channels or grooves 112 
that provide a path for fluid to travel between the lands 109 
inside the sleeve 110. Further, as shown in the illustrated 
examples, the sleeve 110 has a plurality of openings 113 in 
alignment with a plurality of ports 114, 116, 118, 120, 122 
in the housing 106 of the example spool valve 100 such that 
the channel 104 (e.g., within the grooves 112 of the spool 
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102) is in fluid communication with the outside of the 
example spool valve 100. Further, in this manner, depending 
upon the position of the spool 102, one or more of the ports 
114, 116, 118, 120, 122 may be in fluid communication to 
define a path of fluid to travel via one of the ports 114, 116, 
118, 120, 122, through the grooves of the spool 102, and out 
another one of the ports 114, 116, 118, 120, 122. 
0025. For example, when the spool 102 is in the mini 
mum travel position as illustrated in FIG. 1, the locations of 
the lands 109 and the grooves 112 define a first fluid path 
(indicated by arrow 124) between the ports 114, 116 and a 
second fluid path (indicated by arrow 126) between ports 
118, 120. When the spool 102 is in the maximum travel 
position as illustrated in FIG. 3, the locations of the lands 
109 and the grooves 112 define a third fluid path (indicated 
by arrow 128) between the ports 116, 118 and a fourth fluid 
path (indicated by arrow 130) between ports 120, 122. When 
the spool 102 is in the null position as illustrated in FIG. 2, 
the lands 109 cover or block the openings 113 in the sleeve 
110 corresponding to the middle port 118 and the two 
outside ports 114, 122 such that none of the ports 114, 116, 
118, 120, 122 are in fluid communication. 
0026. The arrangement in the illustrated examples of 
FIGS. 1-3 is suitable for controlling a double-acting control 
valve as shown and described in greater detail below in 
connection with FIG. 10. In particular, in some examples, 
the spool valve 100 is configured such that the middle port 
118 receives a supply flow of pressurized fluid (e.g., pres 
surized air) such that the supply flow may be directed out 
either of the adjacent ports 116, 118 depending upon the 
position of the spool 102 so long as the spool 102 is not in 
the null position blocking the port 118. That is, as the spool 
102 moves from the null position (FIG. 2) towards the 
minimum travel position (FIG. 1), the supply flow follows 
the second fluid path in the direction indicated by the arrow 
126 resulting in an output flow at the port 120 (e.g., the 
output B pressure shown in FIG. 10). When the spool 102 
moves from the null position (FIG. 2) toward the maximum 
travel position (FIG. 3), the supply flow follows the third 
fluid path in the direction indicated by the arrow 128 
resulting in an output flow at the port 116 (e.g., the output 
A pressure shown in FIG. 10). In such examples, as the 
actuator is actuated by the output flow from the port 116, 
displaced fluid within the actuator is forced back through the 
port 120 and then exhausted through the adjacent port 122 
(e.g., the exhaust B shown in FIG. 10) as the exhaust follows 
the fourth fluid path in the direction defined by the arrow 
130. Likewise, when the output flow is from the port 120, 
displaced fluid within the actuator is forced back through the 
port 116 and then exhausted through the adjacent port 114 
(e.g., the exhaust A shown in FIG. 10) as the fluid follows 
the first fluid path in the direction defined by the arrow 124. 
0027. As described above, in some examples, the move 
ment of the spool 102 is controlled by an input force applied 
to the first end 107 of the spool 102 relative to a biasing force 
applied opposite the input force to the second end 108 of the 
spool 102. In some examples, the input force is generated 
from an input pressure applied to the first end 107 of the 
spool 102. In some examples, the input pressure is provided 
via a Supply pressure that is separately coupled to a Supply 
port of the spool 102 (e.g., the middle port 118 as described 
above). More particularly, in Some examples, the input 
pressure corresponds to a proportional amount of the Supply 
pressure defined by an electrical input signal generated as 
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part of a control strategy in a process control system (e.g., 
a 4-20 milliamp (mA) proportional signal). That is, in some 
examples, the input pressure has an operational range 
between Zero or nearly Zero pressure (e.g., atmospheric 
pressure) and the pressure of the Supply as determined from 
the input signal provided to a current-to-pressure (I/P) 
converter (e.g., the I/P converter 1008 of FIG. 10). 
0028. In many known spool valves, the biasing force to 
counteract the input force is provided by a control spring 
within the spool valve. The control spring has a predeter 
mined initial compression to act upon the opposite end of the 
spool. In Such known spool valves, as the input force 
increases (e.g., based on an increase in the input pressure) 
the spool moves towards the control spring, thereby com 
pressing the spring and increasing the biasing force until the 
spool stops moving when the input force and the biasing 
force are approximately equal. As the input force decreases, 
the control spring pushes the spool back towards the input 
end of the spool. Accordingly, many known spool valves 
require a control spring of Suitable strength based on the 
operational range of the input pressure. That is, if the control 
spring is not strong enough because of a high input pressure 
range (e.g., due to a high Supply pressure), the force from the 
input pressure overcomes the control spring and prevents the 
control spring from proper biasing the spool. Similarly, if the 
control spring is too strong because of a low input pressure 
range, the force from the input pressure is unable to move 
the spool as desired. Accordingly, the ratings of the control 
Springs used in many known spool Valves are application 
specific in that the springs must be selected based on the 
Supply pressure (and corresponding range for the input 
pressure). As a result, if end users desire to implement a 
spool valve in a different application with a different supply 
pressure, they must determine and acquire an appropriately 
rated spring for the new application and then disassemble 
and exchange the springs before using the spool valve. 
Alternatively, end users need to have a completely separate 
spool valve that can handle the pressures associated with the 
application of interest. Either option presents costs, com 
plexity, and inconvenience to the implementation of Such 
spool valves in multiple different applications. 
0029. The examples disclosed herein overcome these 
disadvantages of known spool valves by generating the 
biasing force from a biasing pressure applied to the second 
end 108 of the spool 102, where the biasing pressure is based 
on the Supply pressure. In this manner, the biasing force 
increases or decreases proportionally to any increase or 
decrease in the operational range of the input force because 
both the input force and the biasing force are proportional to 
the Supply pressure. As the input pressure corresponds to a 
proportion of the Supply pressure (based on a proportional 
input signal), the maximum input force on the spool 102 
corresponds to the input pressure equaling the Supply pres 
Sure. As such, directly applying the Supply pressure to the 
opposite end of the spool 102 (e.g., the biasing pressure is 
the same as the Supply pressure) results in the biasing force 
being equivalent to the maximum input force. As a result, 
any lesser input force results in the biasing force overcoming 
the input force, thereby preventing proper control of the 
position and/or movement of the spool 102. Accordingly, in 
some examples, the spool valve 100 is constructed such that 
the biasing force, although based on the Supply pressure, is 
less than the maximum input force. In some examples, 
establishing a biasing force that is less than the maximum 
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input force is accomplished by using the Supply pressure as 
the biasing pressure but reducing the area of the spool 102 
on which the biasing pressure is applied. In some examples, 
the biasing pressure applied to the spool 102 is controlled 
Such that it is less than Supply pressure (e.g., the biasing 
pressure is a proportion of the Supply pressure), thereby 
reducing the biasing force even if the area on which the 
biasing pressure is applied is the same as the area on which 
the input pressure applies on the input side of the spool 102. 
Additionally or alternatively, in some examples, both the 
biasing pressure relative to the Supply pressure and the area 
on which the biasing pressure is applied relative to the area 
on which the input pressure is applied may be varied in any 
suitable manner to establish the desired relationship between 
the input force and the biasing force. 
0030. In the illustrated examples of FIGS. 1-3, the 
example spool valve 100 includes a diaphragm 132 with an 
area that is smaller than the area of the input end of the spool 
102. In this manner, when the input pressure is equivalent to 
or approaching the full Supply pressure the resulting input 
force will be greater than the biasing force because the input 
pressure will be acting on a larger area than the area of the 
diaphragm 132 on which the biasing pressure (i.e., the 
Supply pressure) acts. In some examples, the diaphragm 132 
is coupled to the spool 102 via a piston 134 having a 
cross-sectional area approximately the same as the area of 
the diaphragm 132. As the diameter of the piston 134 is 
smaller than the outer diameter of the spool 102 (corre 
sponding to the Smaller diameter of the diaphragm 132), in 
some examples, the spool valve 100 includes a spacer 136 
to surround the piston 134 and hold the piston 134 in place. 
0031. The area of the diaphragm 132 upon which the 
biasing pressure is applied to generate the biasing force is 
based on the operational range of the input pressure as 
dictated by the I/P converter and the corresponding control 
strategy. In some examples, the diaphragm 132 has a Sub 
stantially fixed area regardless of the position of the spool 
102 along its travel span. In Such examples, although the 
area is Substantially constant and the applied biasing pres 
Sure is Substantially constant (e.g., the Supply pressure is 
Substantially constant), the biasing force nevertheless varies 
across the travel span of the spool 102 because of the 
resilience of the diaphragm 132. In this manner, a change in 
the input pressure causes the spool 102 to move until 
equilibrium between the input force and the biasing force is 
achieved, thereby allowing for precise control of the posi 
tion of the spool 102 similar to the control springs of known 
spool valves described above. Additionally or alternatively, 
in some examples, the spool valve 100 includes a biasing 
spring 138 to augment the change in the biasing force along 
the travel span of the spool 102 as the biasing spring 138 
elongates and/or compresses. In some examples, where the 
biasing spring 138 is not used to counteract the input force, 
the biasing spring 138 is nevertheless included within the 
example spool valve 100 to provide a failsafe to bias the 
spool 102 to a failure position if the supply pressure and 
corresponding input pressure and biasing pressure are lost 
(e.g., Substantially reduced or Zero). In some such examples, 
the biasing spring 138 may have a substantially lower spring 
rate than control springs used in known spool valves 
described above because the biasing spring 138 does not 
have to counteract the force of the input pressure on the 
spool 102. 
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0032. In some examples, the diaphragm 132 is omitted 
and the biasing pressure is applied directly to the piston 134, 
which defines the same fixed area, to produce the biasing 
force. In some such examples, the piston 134 is fabricated to 
fit within the spacer 136 within tight tolerances to reduce 
(e.g., minimize) leakage. Additionally or alternatively, in 
Some examples, leaks are reduced via a sealing ring placed 
between the piston 134 and the spacer 136. 
0033. In other examples, a bellows is used instead of a 
diaphragm to define a reduced area upon which the biasing 
pressure may be applied to generate the biasing force as 
shown in the example spool valve 800 of FIG. 8. The 
example spool valve 800 may be constructed from compo 
nents of the same type of spool valve as the example spool 
valve 100 of FIGS. 1-3. Accordingly, the example spool 
valve 800 includes the spool 102, the sleeve 110, and the 
housing 106. However, unlike the example spool valve 100 
of FIGS. 1-3, the example spool valve 800 of FIG.8 includes 
a bellows 802 within a bellows housing 804. In some 
examples, the bellows 802 is coupled to the spool 102 via an 
adapter 806, which is held in alignment with the spool 102 
via a spacer 807. In the illustrated example, the bellows 802 
is enclosed at the opposite end by an end cap 808. As shown 
in the illustrated example, the bellows 802 defines a reduced 
area 810 upon which the biasing pressure (e.g., the Supply 
pressure) is applied Such that the resulting biasing force is 
less than the maximum input force based on the Supply 
pressure applied to the opposite end of the spool 102. In 
some examples, the bellows 802, adapter 806, and end cap 
are rigidly connected. In this manner, as the spool 102 is 
moved within the sleeve 110, the bellows 802 will corre 
spondingly expand or contract in the direction of the move 
ment of the spool 102. In some examples, the bellows 802 
also serves as the failsafe to urge the spool 102 toward a 
desired failure position if the Supply pressure is lost (e.g., 
substantially reduced or zero). 
0034 FIGS. 4 and 5 are respective cross-sectional and 
exploded views of the example spool valve 100 of FIG. 1. 
As shown in the illustrated example, the spool 102 is 
disposed within the sleeve 110. The piston 134 is surrounded 
by the spacer 136 and operatively couples the spool 102 to 
the diaphragm 132, which is held in a diaphragm housing 
140. A spring barrel 142 is attached to the diaphragm 
housing 140 to secure a spring seat 144 for the biasing spring 
138. A supply side end cap 146 compresses the spring within 
the spring barrel 142 to apply a predetermined amount of 
force to the spool 102 to bias the spool to a failsafe position 
if there is a failure in the supply of pressure. In some 
examples, the spool valve 100 is sealed via an o-ring 148 
between the supply side end cap 146 and the spring barrel 
142. Further, as shown in the illustrated example of FIGS. 4 
and 5, at the opposite end of the example spool valve 100, 
the end of the spool 102 is surrounded by additional spacers 
150 and enclosed by an input side end cap 152. 
0035. In some examples, the spool valves described 
herein are manufactured using components of an existing 
spool valve in combination with new components con 
structed in accordance with the teachings disclosed herein. 
In this manner, existing spool valves may be modified to 
implement the teachings disclosed herein. For instance, the 
example spool valve 100 of FIGS. 1-5 may be constructed 
by using some of the components of a NUMATICS(R) 2035 
valve made by Numatics Inc., of Novi, Mich. and replacing 
the other components. In particular, the example spool valve 
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100 in the illustrated examples corresponds to a NUMAT 
ICS(R) 2035 valve that has been modified in that the original 
spring seat, control spring, and end cap have been replaced 
with the piston 134, the spacer 136, the diaphragm 132, the 
diaphragm housing 140, the spring seat 144, the biasing 
spring 138, the spring barrel 142, and the supply side end 
cap 146. 
0036 FIGS. 6 and 7 are respective cross-sectional view 
and exploded views of another example spool valve 600 
constructed in accordance with the teachings disclosed 
herein. The example spool valve 600 may be constructed 
from components of a NUMATICS(R) PA 15 valve made by 
Numatics Inc. in a manner similar to that noted above in 
connection with the example spool valve 100 of FIGS. 1-5. 
In particular, the example spool valve 600 includes a spool 
602 moveable along a sleeve 604 disposed within a housing 
606, all of which correspond to original components of a 
NUMATICS(R) PA 15 valve. However, the example spool 
valve 600 has been provided with new components con 
structed in accordance with the teachings disclosed herein 
including a piston 608, a spacer 610, a diaphragm housing 
612, a diaphragm 614, a spring barrel 616, a spring seat 618, 
a biasing spring 620, and a Supply side end cap 622. In some 
examples, an input pressure, which may be proportional to 
a Supply pressure, is applied to a first end 624 of the spool 
602 to generate an input force on the spool 602. Further, in 
Some examples, a biasing pressure is applied to the dia 
phragm 614 to generate a biasing force on the spool 602 via 
the piston 608 at a second end 626 of the spool 602 opposite 
the first end 624. In some examples, the Supply pressure 
serves as the biasing pressure. In such examples, the area of 
the diaphragm 614 is designed based on the operational 
range of the input force to enable control of the movement 
of the spool 602 within the sleeve 604 based on differences 
in the resulting input and biasing forces regardless of the 
amount of Supply pressure. In this manner, the Supply 
pressure serves as the basis for both the input pressure and 
the biasing pressure as described above. 
0037 FIG. 9 is a cross-sectional view of another example 
spool valve 900 constructed in accordance with the teach 
ings disclosed herein. The example spool valve 900 may be 
constructed from components of a NUMATICS(R) PA 15 
valve in a manner similar to that noted above in connection 
with the example spool valve 600 of FIGS. 6 and 7. 
Accordingly, the example spool valve 900 includes the spool 
602, the sleeve 604, and the housing 606. However, unlike 
the example spool valve 600 of FIGS. 6 and 7, the example 
spool valve 900 of FIG. 9 includes a spring seat 902 that is 
coupled directly to the spool 602. In some examples, the 
spring seat 902 is the original spring seat manufactured with 
the NUMATICS(R) PA 15 valve on which the example spool 
valve 900 is based. In the illustrated example, the original 
components of the NUMATICSR) PA 15 valve have been 
combined with new components constructed in accordance 
with the teachings disclosed herein. In particular, the 
example spool valve 900 includes a spring barrel 904 that 
defines a chamber 906 enclosed by an end cap 908. In the 
illustrated example, the chamber 906 houses a biasing spring 
910 to act on the spring seat 902 in the same manner as 
described above for the biasing spring 138 of the example 
spool valve 100 of FIGS. 1-5. 
0038. As shown in the illustrated example of FIG.9, the 
spring barrel 904 includes a first flow restrictor 912 and a 
second flow restrictor 914 fluidly coupled in series with the 
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chamber 906. In some examples, the first flow restrictor 912 
is coupled to the supply pressure for the spool valve 900 
Such that the Supply pressure is in fluid communication with 
the chamber 906. Further, in such examples, the second flow 
restrictor 914 is exposed to a second pressure lower than the 
supply pressure such that the chamber 906 is in fluid 
communication with the second pressure. In some examples, 
when the fluid is pressurized air, the second flow restrictor 
leads from the chamber 906 to the atmosphere outside the 
spool valve 900 (i.e., the second pressure is atmospheric 
pressure). In this manner, as the Supply fluid (e.g., air) fills 
the chamber 906, some of the pressure within the chamber 
906 bleeds out to the atmosphere resulting in an intermediate 
pressure within the chamber 906 that is directly applied to 
the second end 626 of the spool 602 (i.e., the biasing 
pressure) to bias the spool 602 against the input pressure 
applied to the first end 624 of the spool 602. In such 
examples, unlike the example spool valves 100, 600, 800 of 
FIGS. 1-8, the area on which the biasing pressure is applied 
in the example spool valve 900 of FIG. 9 is not defined to 
be smaller than the area on which the input pressure is 
applied to lower the resulting biasing force relative to the 
maximum input force. Rather, the example spool valve 900 
is configured such that the intermediate or biasing pressure 
is between the atmospheric pressure and the Supply pressure. 
That is, in the illustrated example of FIG. 9, the full supply 
pressure is not applied to spool 602 but an intermediate 
pressure (e.g., the biasing pressure) is applied as a result of 
the constant bleeding of pressure out to the atmosphere via 
the second flow restrictor 914. In some examples, the precise 
dimensions of the first and second flow restrictors 912, 914 
are based on the operational range of the input pressure Such 
that the resulting input force and biasing force (based on the 
intermediate pressure) enable control of the spool 602 along 
its travel span. Accordingly, in Some examples, the inter 
mediate pressure will increase or decrease proportionally 
with any increase or decrease in the Supply pressure result 
ing in a corresponding increase or decrease in the biasing 
force to counteract the input pressure in a similar manner to 
the reduced area on which the biasing pressure acts in the 
example spool valves 100, 600, 800 of FIGS. 1-8 described 
above. 

0039. As described above, in some examples, the biasing 
spring 910 serves as a failsafe to bias the spool 602 to a 
desired failure position if the Supply pressure (and corre 
sponding input pressure and biasing pressure) is lost (e.g., 
substantially reduced or zero). Additionally or alternatively, 
in some examples, the biasing spring 910 also serves to 
partially bias the spool 602 along with the biasing force from 
the biasing pressure to create a variation in the bias force 
corresponding to the position of the spool 602 (e.g., based on 
the elongation and/or compression of the biasing spring 
910). 
0040 Although the example spool valves 100, 600, 800, 
900 have been described in detail above, the teachings 
disclosed herein are also applicable to other spool valves. 
For example, other spool valves having more or fewer ports 
defining more, fewer, and/or different fluid communication 
paths between the ports can be modified in accordance with 
the teachings disclosed herein to bias the corresponding 
spool based on a Supply pressure. In some such examples, 
the resulting biasing force may be defined by designing an 
appropriate area (e.g., corresponding to the area of a dia 
phragm, piston, or bellows) on which the Supply pressure is 
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applied. In other examples, a biasing pressure corresponding 
to a proportion of the Supply pressure is applied to the spool 
to achieve the desired biasing force. Additionally or alter 
natively, in Some examples both the biasing pressure and the 
area on which the pressure is applied can be specifically 
designed in accordance with the teachings disclosed herein 
to establish the proper relationship between the input force 
and the resulting biasing force that applies over a broad 
range of potential Supply pressures because both the input 
pressure and biasing pressure are based on the Supply 
pressure. Further, although the example spool valves 100, 
600, 800, 900 described above are pneumatic spool valves, 
the teachings disclosed herein may also be Suitably adapted 
to hydraulic spool valves. Additionally, the example spool 
valves 100, 600, 800, 900 disclosed herein, as well as other 
spool valves constructed in accordance with the teachings 
disclosed herein, may be implemented in any suitable appli 
cation for Such spool valves. For instance, as mentioned 
above, the example spool valves 100, 600, 800, 900 may be 
used to control the position of a control valve as shown and 
described more fully in FIG. 10. Furthermore, the teachings 
disclosed herein can also be used to bias a spool valve based 
on Supply pressure when the input force is not based on the 
Supply pressure (e.g., Solenoid actuated spool valves, manu 
ally actuated spool valves, etc.) 
0041 FIG. 10 is a schematic drawing of an example 
digital valve controller (DVC) 1000 that includes the 
example spool valve 100 of FIGS. 1-5. The example DVC 
1000, as with other known DVCs, includes a printed wiring 
board 1002 configured to control a double-acting control 
valve 1004 based on an electrical input signal (e.g., from a 
control room of a process control system) and feedback from 
a position sensor 1006 associated with the control valve 
1004. In the illustrated example, the DVC 1000 receives a 
Supply pressure that is directed through a current-to-pressure 
(I/P) converter 1008 to provide an input pressure propor 
tional to a drive signal generated by the printed wiring board 
1002 based on the input signal and the position feedback. 
0042. In many known DVCs, the input pressure is pro 
vided to an internal relay that uses the input pressure to form 
a proportional pressure (or flow) via one of two outputs (e.g., 
output A and output B) that are coupled to the control valve 
1004 to precisely control movement of the valve. However, 
such known DVCs are limited because the internal relay 
cannot handle high flow rates (e.g., high Supply pressures). 
As a result, such DVCs are limited to controlling actuators 
with Smaller Volumes and/or moving control valves at 
slower speeds. To overcome these disadvantages, some 
known DVCs are coupled to a pneumatic volume booster to 
achieve higher pressures/flow rates. However, such a solu 
tion is expensive as it requires the additional component of 
the pneumatic booster and the resulting expense of main 
taining additional components. Furthermore, Volume boost 
ers can be difficult to adjust or change (e.g., when using the 
DVC in a different application). 
0043. In accordance with the teachings disclosed herein, 
the example DVC1000 includes the spool valve 100 instead 
of an internal relay because spool valves can handle signifi 
cantly higher pressure ranges than known relays. The other 
spool valves 600, 900 described herein or another spool 
valve constructed in accordance with the teachings disclosed 
herein could alternatively be used in place of the spool valve 
100. As shown in the illustrated example, the supply pres 
sure is directed to the input side of the example spool valve 
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100 (e.g., via the I/P converter 1008), to the supply port of 
the spool valve 100 (e.g., the middle port 118), and to the 
supply side of the example spool valve 100. In this manner, 
the input pressure, which is based on the Supply pressure on 
the input side of the example spool valve 100, generates an 
input force on the spool 102 that is counteracted by a biasing 
force on the spool 102. The biasing force is generated by the 
biasing pressure, which is also based on the Supply pressure 
but on the supply side of the example spool valve 100. As 
both the input pressure and the biasing pressure are based on 
the Supply pressure, the resulting input force and biasing 
force are proportional to each other. In this manner, the 
example DVC 1000 can handle a broad range of supply 
pressures (e.g., between 20-150 psi) without an operator or 
other personnel having to adjust a pneumatic Volume booster 
(if a relay is used) and/or keep track of or interchange 
multiple control springs (if a known spool valve is used) 
when the Supply pressure is changed. In Such examples, the 
relationship of the biasing force to the operational range of 
the input force is controlled by designing the size of the area 
on which the biasing force is applied (e.g., when the biasing 
pressure is the same as the Supply pressure) to be smaller 
than the area on which the input pressure applies and/or by 
designing the spool valve 100 to control the biasing pressure 
to be lower than the Supply pressure. 
0044 FIG. 11 is a close-up view of a portion of a spool 
valve 1100 showing a cross-section of a portion of an 
example spool 1102 positioned within an example sleeve 
1104. The example spool valve 1100 may correspond to any 
of the example spool valves 100, 600, 800, 900 shown and 
described in connection with FIGS. 1-10. In operation, an 
inner surface 1106 of the sleeve 1104 interfaces with an 
outer surface 1108 of lands 1110 of the spool 1102. In the 
illustrated example of FIG. 11, the inner surface 1106 is 
shown slightly separated from the outer surface 1108 to 
represent the clearance between the spool 1102 and the 
sleeve 1104 that enables the spool 1102 to freely slide within 
the sleeve 1104. 

0045. The performance and efficiency (e.g., reduction of 
air consumption) of a spool valve depends upon clearance 
between the outer diameter of the spool 1102 and the inner 
diameter of the sleeve 1104. That is, a smaller clearance 
results in less air (or other fluid) consumption, thereby 
reducing the energy needed to enable proper operation of the 
spool valve. In some examples, the radial clearance between 
the spool 1102 and the sleeve 1104 may be 5um or less. That 
is, a difference between the inner diameter of the sleeve 1104 
and the outer diameter of the lands 1110 may be 10 um or 
less. With such tight tolerances, there is a risk that any 
contaminants (e.g., Solid particles) in the fluid flowing 
through the spool valve 1100 may enter the clearance gap 
and cause the spool 1102 to become stuck or otherwise fail 
to operate properly. Additionally or alternatively, contami 
nants from the external environment may cause the spool 
1102 and/or the sleeve 1104 to corrode, thereby resulting in 
the eventual failure of the spool valve 1100. While efforts 
may be made to reduce the introduction of contaminants into 
the flowing medium in the spool 1102, no mechanisms are 
guaranteed to work under all circumstances such that mea 
sures may be taken to reduce the effects and/or onset of 
corrosion. 

0046 Aside from corrosion or other contaminants caus 
ing the spool 1102 to seize within the sleeve 1104, the tight 
tolerances in spool valves give rise to concerns of wear 
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between the spool 1102 and the sleeve 1104 as they slide 
relative to each other during operation. Such relative motion 
can give rise to galling and/or other types of wear on the 
spool 1102 and/or the sleeve 1104. To reduce the effects of 
both corrosion and wear, it is desirable to manufacture spool 
valves out of materials that are relatively hard to provide 
wear resistance while also being resistant to corrosion. 
Partially due to cost considerations, the most common types 
of materials used for spool valve manufacturing are steel 
alloys. However, the selection of particular steel alloys 
typically involves a trade-off between hardness (wear resis 
tance) and corrosion resistance. That is, a steel alloy that 
may be relatively hard is likely to have insufficient resistance 
to corrosion for certain applications, whereas a corrosion 
resistant alloy is likely to have an unacceptable wear resis 
tance. 

0047. In accordance with the teachings disclosed herein, 
the spool 1102 and the sleeve 1104 are made of corrosion 
resistant materials. In the illustrated example, both the spool 
1102 and the sleeve 1104 are made of the same material. The 
same material is used for both the spool 1102 and the sleeve 
1104 to enable the tight clearance tolerances for efficient 
spools. For example, if different materials are used for each 
of the spool 1102 and the sleeve 1104, the differences in 
thermal expansion of the different materials may result in the 
clearance changing thereby reducing the efficiency of the 
spool valve 1100 and/or cause the spool 1102 to seize within 
the sleeve 1104 (e.g., by greater expansion of the spool 1102 
reducing the clearance to zero). While different materials 
may be used, in some examples, for each of the spool 1102 
and the sleeve 1104, such examples may need to be imple 
mented with larger clearances to allow for the different 
expansion of each component. The material used for both 
the spool 1102 and the sleeve 1104 may be selected based on 
the particular application in which the spool valve 1100 is to 
be implemented. For example, the spool valve 1100 may be 
used in an offshore application where the spool valve 1100 
is likely to be exposed to Salt water. In some Such examples, 
the spool 1102 and the sleeve 1104 are made of an austenitic 
stainless steel (e.g., SAE (Society of Automotive Engineers) 
316 stainless steel), which provides excellent corrosion 
resistance to salt water. 

0048 While austenitic stainless steel provides a rela 
tively high degree of corrosion resistance, austenitic stain 
less steel has relatively poor wear resistance characteristics. 
The wearing of austenitic stainless Steel is particularly 
problematic when being repeatedly moved against itself as 
would be the case where both the spool 1102 and the sleeve 
1104 are made of austenitic stainless Steel. Accordingly, in 
Some examples, as shown in FIG. 11, a coating 1112 is 
applied to the spool 1102 to create a barrier preventing direct 
contact between the austenitic stainless steel surfaces of the 
spool 1102 and the sleeve 1104, thereby significantly reduc 
ing wear of the spool valve 1100. 
0049. In some examples, the coating 1112 is made of a 
material that is significantly harder than the underlying 
Substrate (e.g., the austenitic stainless Steel of the spool 
1102) to increase wear resistance. While wear resistance is 
the primary purpose for the coating 1112 because the under 
lying Substrate provides corrosion resistance, in some 
examples, the coating 1112 is made of material that also 
provides a relatively high degree of corrosion resistance. 
More particularly, in some examples, the coating 1112 is 
made of a diamond-like carbon (DLC) or other hard carbon 
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material. As shown in the illustrated example, the coating 
1112 is applied across all or substantially all of the surface 
of the spool 1102. In such examples, there is a possibility 
that the coating 1112 contains micro-imperfections. While 
such micro-imperfections will have little impact on the wear 
resistance of the coating 1112, there is a risk that the 
micro-imperfections in the coating 1112 may provide a path 
for contaminants to contact the underlying Substrate (e.g., 
the spool 1102). For this reason, in the illustrated example, 
the material of the underlying substrate is selected to be 
corrosion resistant. Based on this fact, the coating 1112 does 
not necessarily need to cover the entire surface of the spool 
1102. In some examples, the coating 1112 may be limited to 
the regions of the spool 1102 that will mechanically inter 
face with the sleeve 1104. That is, in some examples, the 
coating is applied to the outer surface 1108 of the land 1110 
while regions spaced apart from the land 1110 are not 
covered with the coating 1112. In some examples, the 
coating 1112 is applied to the sleeve 1104 instead of the 
spool 1102. In other examples, the coating 1112 may be 
applied to both the spool 1102 and the sleeve 1104. 
0050 DLC coatings can be formed with a thickness 1114 
that is relatively thin (e.g., 1 um or less), which may be less 
than a clearance gap 1116 between the spool 1102 and sleeve 
1104 when prefabricated without the coating 1112. Accord 
ingly, in some examples, the coating 1112 may be applied to 
preexisting spool valves and/or newly fabricated spool 
valves without changing the existing machining processes 
for the spool 1102 and/or the sleeve 1104. In some examples, 
a prefabricated spool 1102 is subsequently machined to 
reduce its outer diameter and increase a clearance gap 
between the spool 1102 and a corresponding prefabricated 
sleeve 1104 to make room for a coating 1112 with a 
relatively large thickness 1114 while achieving typical tol 
erances with a preexisting sleeve 1104. In other examples, 
the coating 1112 may be applied to a preexisting spool 1102 
at any desired thickness followed by machining the sleeve 
1104 to size to fit around the coated spool 1102 (with the 
desired clearance tolerances). Similar processes may be 
implemented if the coating 1112 is applied to the sleeve 1104 
and/or both the spool 1102 and the sleeve 1104. The coating 
1112 may be any Suitable thickness (e.g., 1 um, 2 um, 3 um, 
10 um, 100 um, etc.). 
0051 FIG. 12 is a flowchart representing an example 
method to manufacture the spool valve 1100 of FIG. 11. The 
example method begins at block 1202 by machining the 
sleeve 1104 for the spool valve 1100. Block 1204 includes 
machining the spool 1102 to slidably fit within the sleeve. In 
some examples, the spool 1102 and the sleeve 1104 may be 
machined to within acceptable clearance tolerances to oper 
ate without the coating 1112. That is, in some examples, the 
spool 1102 and the sleeve 1104 may correspond to a pre 
fabricated spool valve manufactured using specific machin 
ing processes that did not contemplate the inclusion of the 
coating 1112. In some examples, the spool 1102 and/or the 
sleeve 1106 are machined to provide a relatively wide 
clearance gap 1116 to allow for a thicker coating 1112. Block 
1206 of the illustrated example involves applying the wear 
resistance coating 1112 to the spool 1102. At block 1208, the 
example method involves machining the sleeve 1104 to size 
to fit around the coated spool 1102 within desired tolerances. 
0052 Although an example method of manufacturing the 
spool valve 1100 is described with reference to the flowchart 
illustrated in FIG. 12, many other methods of manufacturing 
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may alternatively be used. For example, the order of execu 
tion of the blocks may be changed, and/or some of the blocks 
described may be changed, eliminated, or combined. For 
instance, in Some examples, when the coating 1112 is 
applied with a thickness that is less than the clearance gap 
1116 between the spool 1102 and the sleeve 1104, block 
1208 may be omitted. Further, in some examples, the coating 
1112 may be applied to the sleeve 1104 instead of the spool 
1102 (block 1206). In other examples, the coating 1112 may 
be applied to both the spool 1102 and the sleeve 1104. In 
examples where the coating 1112 is applied to the sleeve 
1104, the spool 1102 may be machined to size to fit within 
the coated sleeve. 
0053 Although certain example methods, apparatus and 
articles of manufacture have been disclosed herein, the 
scope of coverage of this patent is not limited thereto. On the 
contrary, this patent covers all methods, apparatus and 
articles of manufacture fairly falling within the scope of the 
claims of this patent. 
What is claimed is: 
1. A spool valve comprising: 
a sleeve; 
a spool to be positioned within the sleeve, the sleeve and 

the spool made of a corrosion resistant material; and 
a wear resistant coating applied to at least one of the spool 

or the sleeve. 
2. The spool valve of claim 1, wherein the corrosion 

resistant material is austenitic stainless steel. 
3. The spool valve of claim 1, wherein the coating is a 

diamond-like carbon coating. 
4. The spool valve of claim 1, wherein the wear resistant 

coating has a thickness of approximately 1 um. 
5. The spool valve of claim 1, wherein the wear resistant 

coating has a thickness that is less than a radial clearance 
between the spool and the sleeve. 

6. The spool valve of claim 1, wherein the spool and the 
sleeve are prefabricated, an outer diameter of the prefabri 
cated spool to be machined to increase a gap between the 
spool and the sleeve before the coating is applied to the 
spool. 

7. The spool valve of claim 1, wherein an inner diameter 
of the sleeve is to be machined to size after applying the 
coating to an outer diameter of the spool. 

8. The spool valve of claim 1, wherein the coating is 
applied to outer Surfaces of lands on the spool. 

9. The spool valve of claim 8, wherein the coating is not 
applied to regions of the spool spaced apart from the lands 
on the spool. 

10. The spool valve of claim 1, wherein the spool valve 
is implemented in a digital valve controller. 

11. A digital valve controller, comprising: 
a housing; and 
a spool valve within the housing, the spool valve includ 

ing a spool moveable within a sleeve, a wear resistant 
coating to be applied onto at least one of the spool or 
the sleeve to create a barrier between direct contact of 
the spool and the sleeve. 

12. The digital valve controller of claim 11, wherein the 
sleeve and the spool are made of austenitic stainless steel. 

13. The digital valve controller of claim 11, wherein the 
coating is a diamond-like carbon coating. 

14. The digital valve controller of claim 11, wherein the 
wear resistant coating has a thickness that is less than a 
radial clearance between the spool and the sleeve. 
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15. The digital valve controller of claim 11, wherein the 
coating is applied to outer Surfaces of lands on the spool. 

16. The digital valve controller of claim 15, wherein 
portions of the spool spaced apart from the lands are not 
covered with the coating. 

17. A method, comprising: 
machining a sleeve for a spool valve; 
machining a spool to slidably fit within the sleeve, the 

spool and the sleeve formed of a corrosion resistant 
material; and 

applying a wear resistant coating to at least one of the 
sleeve or the spool. 

18. The method of claim 17, wherein a thickness of the 
coating is less than a clearance between the spool and the 
sleeve. 

19. The method of claim 17, wherein the corrosion 
resistant material is austenitic stainless steel. 

20. The method of claim 17, wherein the coating is a 
diamond-like carbon coating. 

k k k k k 

May 18, 2017 

17




