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(57) ABSTRACT 

A pres sure control unit and method are provided for facilitat 
ing single-phase heat transfer Within a liquid-based cooling 
system. The pressure control unit includes a pressure vessel 
containing system coolant, and a pressuriZing mechanism 
associated With the pressure vessel. A coolant line couples 
system coolant in the pressure vessel in ?uid communication 
With the coolant loop of the cooling system, and a regulator 
mechanism couples to the pressuriZing mechanism to main 
tain pressure Within the pressure vessel at or above a de?ned 
pressure threshold, thus maintaining pressure Within the cool 
ant loop above the pressure threshold. The de?ned pressure 
threshold is set to facilitate system coolant Within the coolant 
loop remaining single-phase throughout an operational tem 
perature range of the system coolant Within the coolant loop. 
More particularly, the pressure threshold is set to ensure pres 
sure of system coolant Within the coolant loop remains above 
the coolant’s saturation pres sure at maximum operational 
temperature. 
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PRESSURE CONTROL UNIT AND METHOD 
FACILITATING SINGLE-PHASE HEAT 
TRANSFER IN A COOLING SYSTEM 

BACKGROUND 

[0001] The present invention relates in general to heat 
transfer mechanisms, and more particularly, to cooling appa 
ratuses and methods for removing heat generated by one or 
more electronic devices. Still more particularly, the present 
invention relates to ?uidic cooling apparatuses and methods 
for cooling one or more electronic devices. 

[0002] The industry trend has been to continuously 
increase the number of electronic devices Within a computing 
system environment. Compactness alloWs for selective fab 
rication of smaller and lighter devices that are more attractive 
to the consumer. Compactness also alloWs circuits to operate 
at higher frequencies and at higher speeds due to the shorter 
electrical connection distances in such devices. Despite these 
advantages, providing many electronic devices in a small 
footprint can create device performance challenges. One of 
these challenges is thermal management of the overall envi 
ronment. Heat dissipation issues, if unresolved, can result in 
electronic and mechanical failures that Will affect system 
performance, irrespective of the siZe of the environment. 
[0003] In many computing environments, microprocessors 
continue to increase in performance, With the active circuitry 
of the microprocessor chip being driven to an ever smaller 
footprint, leading to ever higher heat loads and heat ?uxes. 
Notwithstanding this, reliability constraints often dictate that 
operating temperature of the devices not exceed a knoWn 
maximum value. 
[0004] The existing art has struggled With designing high 
performance cooling solutions that can e?iciently remove 
this heat. Conventional cooling solutions depend on conduc 
tion cooling through one or more thermal interfaces to an 
air-cooled heat sink, possibly employing a spreader or vapor 
chamber. To increase the heat removal capability of air 
cooled systems, greater air?oW is typically needed. Unfortu 
nately, providing greater air?oW is not alWays possible. Many 
factors must be taken into consideration in providing ever 
greater air?oW, among Which are acoustic noise consider 
ations, as Well as poWer concerns. 

[0005] As an alternative, liquid cooling methods have 
recently been incorporated into certain designs. Various types 
of liquid coolants provide different cooling capabilities. For 
example, ?uids such as refrigerants or other dielectric liquids 
(e. g., ?uorocarbon liquids) exhibit loWer thermal conductiv 
ity and speci?c heat properties compared to liquids such as 
Water or other aqueous ?uids. Dielectric liquids have an 
advantage, hoWever, in that they may be in direct physical 
contact With the electronic devices and their interconnects 
Without adverse effects, such as corrosion or electrical short 
circuits. 

BRIEF SUMMARY 

[0006] To facilitate employing a dielectric ?uid (such as a 
refrigerant) in single-phase mode Within a cooling system, it 
is desirable that the operating pressure of the coolant be 
elevated above a saturation pressure to prevent vapor forma 
tion, and hence maintain the single-phase operating environ 
ment. This is accomplished herein, in one aspect, by main 
taining system coolant pressure Within the coolant loop above 
the coolant’s saturation pressure for a given operational tem 
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perature range or, more particularly, for a maximum opera 
tional temperature of the system coolant Within a coolant loop 
of a cooling system. 
[0007] Brie?y summarized, the present invention com 
prises in one aspect a pressure control unit for facilitating 
single-phase heat transfer in a coolant loop of a cooling sys 
tem. The pressure control unit includes: a pressure vessel, 
having system coolant therein; a pressuriZing mechanism 
associated With the pressure vessel; a coolant line to couple 
the system coolant in the pressure vessel in ?uid communi 
cation With the coolant loop of the cooling system; and a 
regulator mechanism coupled to the pressuriZing mechanism 
to maintain pressure Within the pressure vessel at or above a 
de?ned pressure threshold. By maintaining pressure Within 
the pres sure vessel at or above the de?ned pressure threshold, 
pressure Within the coolant loop is maintained at or above the 
de?ned pressure threshold through supply of system coolant 
from the pressure vessel into the coolant loop When the cool 
ant line couples the pressure vessel and coolant loop in ?uid 
communication. The de?ned pressure threshold is set to 
facilitate system coolant Within the coolant loop remaining 
single-phase throughout an operational temperature range of 
the system coolant. 
[0008] In another aspect, a cooling system is provided 
Which includes: at least one liquid-cooled cold plate con?g 
ured to couple to at least one electronic device to be cooled; a 
coolant loop in ?uid communication With the at least one 
liquid-cooled coldplate for facilitating ?oW of system coolant 
through the at least one liquid-cooled cold plate; and a pres 
sure control unit coupled to the coolant loop for facilitating 
single-phase system coolant heat transfer through the coolant 
loop. The pressure control unit includes: a pressure vessel 
comprising system coolant; a pressuriZing mechanism asso 
ciated With the pressure vessel; a coolant line coupling the 
system coolant in the pressure vessel in ?uid communication 
With the coolant loop; and a regulator mechanism coupled to 
the pressuriZing mechanism to maintain pressure Within the 
coolant loop at or above a de?ned pressure threshold through 
supply of system coolant from the pressure vessel into the 
coolant loop. The de?ned pressure threshold is set to facilitate 
system coolant Within the coolant loop remaining single 
phase throughout an operational temperature range of the 
system coolant Within the coolant loop. 
[0009] In a further aspect, a method of facilitating single 
phase system coolant heat transfer in a coolant loop of a 
cooling system is provided. The method includes: coupling a 
pressure vessel in ?uid communication With the coolant loop 
of the cooling system, the pressure vessel comprising system 
coolant; and regulating pressure Within the pressure vessel to 
maintain the pressure at or above a de?ned pressure thresh 
old, and thereby maintain pressure Within the coolant loop at 
or above the de?ned pressure threshold through supply of 
system coolant from the pressure vessel into the coolant loop, 
Wherein the de?ned pressure threshold is selected to facilitate 
system coolant Within the coolant loop of the cooling system 
remaining single-phase throughout an operational tempera 
ture range of the system coolant Within the coolant loop. 
[0010] Further, additional features and advantages are real 
iZed through the techniques of the present invention. Other 
embodiments and aspects of the invention are described in 
detail herein and are considered a part of the claimed inven 
tion. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0011] The subject matter Which is regarded as the inven 
tion is particularly pointed out and distinctly claimed in the 
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claims at the conclusion of the speci?cation. The foregoing 
and other objects, features, and advantages of the invention 
are apparent from the following detailed description taken in 
conjunction With the accompanying draWings in Which: 
[0012] FIG. 1 is a schematic of one embodiment ofa cool 
ing system With a pressure control unit, in accordance With an 
aspect of the present invention; 
[0013] FIG. 2 is a schematic of an alternate embodiment of 
a cooling system With a pressure control unit, in accordance 
With an aspect of the present invention; 
[0014] FIG. 3 is a schematic of a further embodiment of a 
cooling system With a pressure control unit, in accordance 
With an aspect of the present invention; 
[0015] FIG. 4A is a schematic of another embodiment of a 
cooling system With a pressure control unit, in accordance 
With an aspect of the present invention; 
[0016] FIG. 4B depicts one embodiment of logic to control 
pressure Within the coolant loop of the cooling system of FIG. 
4A, in accordance With an aspect of the present invention; 
[0017] FIG. 5 is a schematic of a further embodiment of 
pressure control unit components for a cooling system, in 
accordance With an aspect of the present invention; 
[0018] FIG. 6 is a schematic of another embodiment of 
pressure control unit components for a cooling system, in 
accordance With an aspect of the present invention; 
[0019] FIG. 7A is a schematic of one embodiment of a 
cooling system utilizing the pressure control unit approach of 
FIG. 6, in accordance With an aspect of the present invention; 
and 
[0020] FIG. 7B depicts one embodiment of logic to control 
pressure Within the coolant loop of the cooling system of FIG. 
7A, in accordance With an aspect of the present invention. 

DETAILED DESCRIPTION 

[0021] As used herein, “electronic device” comprises any 
heat-generating electronic device of a computer system or 
other electronic system requiring cooling. In one example, 
the electronic device is or includes an integrated circuit chip, 
a semiconductor chip and/or any other electronic device 
requiring cooling, and may eitherbe unpackaged or packaged 
in an electronic module. As one example, the electronic 
device may comprise part of an electronic system disposed, 
for example, in an electronics rack, such as a rack-mounted 
server system. A “liquid-to-air heat exchanger” means any 
heat exchange mechanism through Which liquid coolant can 
circulate; and includes, one or more discrete heat exchange 
devices coupled either in series or in parallel. A heat exchange 
device may comprise, for example, one or more coolant ?oW 
paths, formed of thermally conductive ?uid conduit (such as 
copper, brass or other tubing) in thermal contact With a plu 
rality of air-cooled ?ns (formed of a thermally conductive 
material, such as copper). Unless otherWise speci?ed, size, 
con?guration and construction of the liquid-to-air heat 
exchanger can vary Without departing from the scope of the 
present invention. A “liquid-to-liquid heat exchanger” may 
comprise, for example, tWo or more coolant ?oW paths, 
formed of thermally conductive tubing (such as copper or 
other tubing) in thermal or mechanical contact With each 
other. Size, con?guration and construction of the liquid-to 
liquid heat exchanger can also vary Without departing from 
the scope of the invention disclosed herein. The term “liquid 
cooled cold plate” refers to any thermally conductive struc 
ture having one or more channels (or passageWays) formed 
therein for ?oWing of liquid coolant therethrough. 
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[0022] One example of system coolant employed in a cool 
ing system such as described herein is a dielectric liquid (such 
as a ?uorocarbon or a hydro?uoroether (HFE) liquid) or a 
refrigerant liquid (such as R-245fa). As explained further 
beloW, a pressurized ?uid, such as a pressurized gas, is used 
(in one embodiment) in combination With excess system 
coolant to facilitate maintaining system coolant Within the 
coolant loop at or above a de?ned pressure threshold, for 
example, at or above saturation pressure of the system coolant 
for a given maximum operational temperature, i.e., a given 
minimum saturation temperature of the system coolant Within 
the coolant loop of the cooling system. This pressurized ?uid 
may comprise, for example, pressurized air, pressurized 
nitrogen or other pressurized gas. In one embodiment, the 
system coolant and the pressurized ?uid are immiscible. 
[0023] As noted, provided herein are a pressure control unit 
and method for facilitating single-phase heat transfer Within a 
coolant loop of a cooling system. The cooling system 
described herein employs liquid coolant-based cooling of one 
or more electronic devices utilizing one or more liquid-cooled 
cold plates and a coolant loop in ?uid communication there 
With for facilitating ?oW of system coolant through the cold 
plates. 
[0024] As noted, liquid-cooling of electronic device(s) 
using a dielectric coolant has one signi?cant advantage over 
Water-based cooling. Should a leak occur, there is no physical 
harm (or electrical safety concern) due to the dielectric liquid 
contacting the electronic device or other circuitry. Unfortu 
nately, thermal performance of dielectric coolants is typically 
poor in comparison With that of Water, as set out in Table 1 
beloW. 

TABLE 1 

Attribute Unit Water HFE-7200 R245 fa 

Density kgrn3 998.2 1423.5 1352.2 
Speci?c Heat .I/kgK 4182 1214 1328.3 
Thermal Conductivity W/mK 0.600 0.068 0.092 
Dynamic Viscosity mPais 1.003 0.673 0.432 
Relative Figure ofMerit 14.3 1 2.2 

[0025] Equation (1) beloW can be used to compare the 
relative laminar heat transfer capability of ?uids at a given 
pumping poWer, de?ned as a ?gure of merit (FOM). 

c 
FOM: i 

p 

In Equation (1), CP is speci?c heat, k is thermal conductivity 
and p. is dynamic viscosity of the ?uid. As can be seen, Water 
has more than an order of magnitude better performance than 
a representative dielectric coolant such as 3M Corporation’s 
NovecTM Engineered Fluid HFE-7200. Note, hoWever, that 
the refrigerant R-245fa yields more than tWice the perfor 
mance of that of HFE-7200 using the same ?gure of merit. 
[0026] Water-based cooling systems have traditionally 
operated in single-phase mode. In single-phase mode, the 
coolant remains liquid throughout. Heat is transferred by 
sensible means, that is, there is no latent or tWo-phase heat 
transfer. A single-phase system is sometimes preferred over a 
tWo-phase system and is less expensive to implement. Fur 
ther, tWo-phase systems are generally more complex to oper 
ate, particularly With respect to ?oW distribution. HoWever, if 
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a ?uid such as R-245fa refrigerant is to be used in single 
phase mode, then the system operating pressure needs to be 
elevated and maintained above atmospheric pressure by as 
much as 52 psi, as Will be apparent to one skilled in the art 
using available saturation pressure versus saturation tempera 
ture graphs for R-245fa. Thus, disclosed herein is a pressure 
control unit and method for establishing and controlling pres 
sure of system coolant Within a coolant loop of an electronic 
cooling system to prevent vapor formation and hence main 
tain the single-phase operating environment. This is accom 
plished by maintaining the system pressure above saturation 
pressure for a given maximum operating temperature (i.e., a 
given minimum saturation temperature) of the system coolant 
Within the coolant loop of a given cooling system. 
[0027] Reference is made beloW to the draWings, Which are 
not draWn to scale to facilitate understanding of the present 
invention, Wherein the same reference numbers are used 
throughout different ?gures to designate the same or similar 
components. 
[0028] FIG. 1 illustrates one example of a cooling system, 
generally denoted 100, in accordance With an aspect of the 
present invention. As shoWn, cooling system 100 comprises a 
liquid-based cooling system 101 and a pressure control unit 
102 coupled in ?uid communication With a coolant loop 120 
of liquid-based cooling system 101. Liquid-based cooling 
system 101 includes, in this example, multiple electronic 
devices 110 to be cooled and multiple cold plates 111 coupled 
thereto. Each cold plate 111 is a liquid-cooled cold plate 
Which is con?gured to couple to a respective electronic device 
to be cooled. To facilitate assembly and servicing, quick 
connect couplings 112 are provided (by Way of example) in 
the individual source and return cold plate branches of cool 
ant loop 120. These quick connect couplings may be a source 
of pressure loss Within the coolant loop since a small amount 
of system coolant may be lost With each connect or disconnect 
of a cold plate 111 from coolant loop 120. By Way of example, 
quick connect couplings 112 may comprise any one of vari 
ous types of commercially available couplings, such as those 
available from Colder Products Company, of St. Paul, Minn., 
U.S.A., or Parker Hanni?n, of Cleveland, Ohio, U.S.A. Sys 
tem coolant Within coolant loop 120 is pumped by a pump 121 
through the one or more cold plates 111 of the liquid-based 
cooling system 101. After passing through the cold plates 
111, excess heat is rejected from the system coolant in a heat 
exchanger 122, Which may comprise an air-to-liquid heat 
exchanger or a liquid-to-liquid heat exchanger, before the 
coolant is returned to a reservoir 123 in ?uid communication 
With coolant loop 120. 
[0029] System coolant Within coolant loop 120 is main 
tained pressurized above a de?ned pressure threshold 
employing pressure control unit 102. As shoWn, pressure 
control unit 102 includes a pressure vessel 130 comprising 
system coolant 131 and a pressurized ?uid 132. A coolant line 
140 couples system coolant 131 Within pressure vessel 130 in 
?uid communication With coolant loop 120 of liquid-based 
cooling system 101. In the embodiment illustrated, this cou 
pling is at the suction side of pump 121 (by Way of example 
only). The suction side of a coolant pump is typically one 
location Within a coolant loop Where the pressure of the 
system coolant may be at its loWest value. 
[0030] Pressure control unit 102 further includes a pressur 
izing mechanism associated With pressure vessel 130. This 
pressurizing mechanism includes, in the example illustrated 
in FIG. 1, pressurized ?uid 132 and a pressurized ?uid source 
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160, such as a tank of compressed gas. A regulator mecha 
nism 150 is coupled to the pressurizing mechanism to main 
tain pressure Within pressure vessel 130 above the de?ned 
pressure threshold, and thereby maintain pres sure Within the 
coolant loop at or above the de?ned pressure threshold by 
supply of system coolant from pressure vessel 130 into cool 
ant loop 120. As one example, regulator mechanism 150 is a 
mechanically operated pressure regulator value set to open if 
pressure drops beloW the de?ned pressure threshold. As 
noted, the de?ned pressure threshold is set to facilitate system 
coolant Within the coolant loop 120 of liquid-based cooling 
system 101 remaining single-phase throughout an opera 
tional temperature range of the system coolant Within the 
coolant loop. In one speci?c example, the regulator mecha 
nism is a pressure regulator valve, and the pressurized ?uid 
source 160 is a pressurized tank of nitrogen gas. The tank of 
nitrogen gas is assumed to be signi?cantly higher in pressure 
than the desired system coolant operating pressure (i.e., the 
de?ned pres sure threshold), With the pressure regulator valve 
maintaining pressure Within the pressure vessel at or above 
the desired pressure. In the case of an R-245fa system coolant, 
that pressure might be 52 psig for a maximum operating 
temperature of 60° C. 

[0031] Note that various modi?cations to the pressure con 
trol unit depicted in FIG. 1 are possible. For example, rather 
than employing a separate pressure vessel 130, reservoir 123 
Within the liquid-based cooling system could itself be the 
pressure vessel described herein. Further, the concepts dis 
closed herein are applicable to any combination of parallel 
and/or series connected cold plates 111. Also, ?uid connec 
tion from pressure vessel 130 into coolant loop 120 can be to 
any part of the coolant loop. This is illustrated in FIG. 2, 
Wherein a cooling system 200 is shoWn to comprise liquid 
based cooling system 101, described above in connection 
With FIG. 1, and a pressure control unit 102' such as pressure 
control unit 102 described above in connection With FIG. 1. 
The difference betWeen the cooling system embodiments of 
FIGS. 1 & 2 is that coolant line 201 coupling pressure vessel 
130 of pressure control unit 102' in FIG. 2 is to coolant loop 
120 at a location betWeen cold plates 111 and heat exchanger 
122 of the liquid-based cooling system 101. By placing the 
coolant line connection in this location, the resultant system 
ensures su?icient pressure so that system coolant passing 
through liquid-cooled cold plates 111 remains single-phase. 
[0032] FIG. 3 depicts a further embodiment of a cooling 
system 300, in accordance With an aspect of the present 
invention. In this embodiment, cooling system 300 includes 
liquid-based cooling system 101, described above in connec 
tion With FIG. 1, and a pressure control unit 302 for facilitat 
ing single-phase heat transfer Within coolant loop 120 of 
liquid-based cooling system 101. Pressure control unit 302 
includes a pressure vessel 330 comprising system coolant 331 
and a pressurized ?uid 332. In this embodiment, system cool 
ant 331 and pressurized ?uid 332 are separated by a ?exible 
bladder 310, for example, a ?exible rubber bladder attached 
to the inner Wall of pressure vessel 330. A coolant line 340 
couples system coolant 331 in pressure vessel 330 in ?uid 
communication With coolant loop 120 of the cooling system. 
[0033] By Way of example, pressure control unit 302 
includes a pressure relief valve 320 coupled to pressure tank 
330 for ensuring that pressure Within the pressure tank does 
not exceed an upper limit. The pressurizing mechanism 
includes (in this example) pressurized ?uid 332 and a com 
pressor 360. By Way of further example, pressurized ?uid 332 
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is pressurized air, and compressor 360 is activated and deac 
tivated to provide a source of pressurized air to facilitate 
controlling pressure Within pressure vessel 330. A pressure 
sWitch 361 is provided for automated activation/deactivation 
of compressor 360 to ensure a suf?cient level of compressed 
air at the inlet to pressure vessel 330. Regulator mechanism 
350 may comprise a pres sure regulator valve Which automati 
cally mechanically opens and closes to adjust pressure at the 
inlet to pressure tank 330. As one example, the pressure 
regulator valve may comprise a spring-loaded valve stem 
Which opens to let pressurized gas into the pressure vessel 
Whenever pressure drops beloW a de?ned set point, and closes 
once pressure Within the vessel equals or exceeds the de?ned 
set point. Note that in this embodiment, there is no require 
ment that pressurized ?uid 332 and system coolant 331 be 
immiscible ?uids since they are physically separated by ?ex 
ible bladder 310. A bladder-type pressure vessel (or tank) is 
Well knoWn in the ?eld of Water distribution. In the embodi 
ment of FIG. 3, a similar type vessel may be employed as the 
pressure vessel, With the bladder separating the system cool 
ant and pressurized ?uid. 
[0034] FIG. 4A illustrates a further embodiment of a cool 
ing system 400, in accordance With an aspect of the present 
invention. Cooling system 400 includes a liquid-based cool 
ing system 101 (such as described above in connection With 
FIG. 1) and a pressure control unit 402. As illustrated, a 
coolant line 440 couples in ?uid communication reserve sys 
tem coolant 432 Within pressure vessel 430 to coolant loop 
120 of liquid-based cooling system 101. A pressurized ?uid 
431 is also shoWn Within pressure vessel 430 to facilitate 
maintaining system coolant Within the pressure vessel at or 
above a de?ned pressure threshold. By maintaining system 
coolant Within pressure vessel 430 at or above the de?ned 
pressure threshold, system coolant Within coolant loop 120 is 
similarly maintained at or above the de?ned pressure thresh 
old. In this embodiment, a pressure sensor 410 (e.g., pressure 
transducer) is coupled to a pressurized ?uid inlet to pressure 
vessel 430 and to a controller 420. Controller 420 is also 
connected to the regulator mechanism 450, Which is coupled 
betWeen (in this embodiment) a pressurized ?uid source 460 
and pressure vessel 430. In the illustrated embodiment, regu 
lator mechanism 450 is assumed to comprise an electrically 
actuated valve (EV). Controller 420 is provided With logic to 
automatically control and maintain pressure Within pressure 
vessel 430 at or above the de?ned pressure threshold (P0). 

[0035] FIG. 4B illustrates one embodiment of logic to auto 
matically control pressure Within pressure vessel 430 of pres 
sure control unit 402 of cooling system 400 illustrated in FIG. 
4A. Referring to FIG. 4B, pressure P is read 470 and a deter 
mination is made Whether pres sure P is at or above the de?ned 
pressure threshold (P0) 472. If “no”, then the electrically 
actuated valve (EV) of the pressure control unit is opened by 
a set amount “x” 474, and the logic Waits a de?ned time T 476 
before again reading pressure P 470. If pressure P is above the 
de?ned pressure threshold (P0), then the controller logic 
determines Whether the electrically actuated valve (EV) is 
closed 478, and if “yes”, Waits time T 476 before again 
reading pressure P 470. If the electrically actuated valve is not 
closed, then the valve is closed 480, and control logic Waits 
time T 476 before again reading pressure P 470. 
[0036] FIGS. 5 & 6 depict alternate embodiments of a 
pressure control unit approach, in accordance With an aspect 
of the present invention. 
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[0037] In FIG. 5, a pressure control unit approach is illus 
trated comprising a pressure vessel 500 Which includes sys 
tem coolant 510 and has a coolant line 520 connected thereto 
Which is sized and con?gured to couple the system coolant 
Within the pressure vessel to a coolant loop of a cooling 
system (not shoWn). In this embodiment, a piston 530, posi 
tioned Within pressure vessel 500, is driven by a stepper motor 
540.A controller (not shoWn) automatically controls stepWise 
extension or retraction of piston 530 based on a pressure 
associated With pressure vessel 500 or the pressure of system 
coolant Within the coolant loop of the cooling system to Which 
the pressure control unit is coupled. Note that this embodi 
ment assumes that there is elasticity in the coolant loop of the 
cooling system, for example, the coolant loop comprises rub 
ber or ?exible plastic hoses. 

[0038] In FIG. 6, a piston 650 and stepper motor 660 
arrangement are illustrated, With a pressurized ?uid 640 (such 
as dry air or nitrogen gas) shoWn disposed betWeen a ?exible 
bladder 630 and system coolant 610 Within pressure vessel 
600. A coolant line 620 is sized and con?gured to couple 
system coolant 610 Within pressure vessel 600 With a coolant 
loop of a cooling system (not shoWn). As noted above, this 
coupling to the coolant loop can be to any location in the 
coolant loop. 
[0039] FIG. 7A depicts one embodiment of a cooling sys 
tem 700 employing the components of the pressure control 
unit approach depicted in FIG. 6. Cooling system 700 
includes liquid-based cooling system 101 (described above in 
connection With FIG. 1) and a pressure control unit 702. As 
shoWn, pressure control unit 702 includes a pressure vessel 
600 Which comprises system coolant 610 coupled via a cool 
ant line 620 in ?uid communication With coolant loop 120 of 
liquid-based cooling system 101. In this embodiment, coolant 
line 620 couples to coolant loop 120 betWeen pump 121 and 
reservoir 123, by Way of example only. In the depicted pres 
sure control unit, pressure vessel 600 is shoWn to include a 
?exible bladder 630 separating system coolant 610 from pres 
surized ?uid 640, such as air or nitrogen gas. Piston 650 is 
reciprocated via a stepper motor 660 to either increase or 
decrease system coolant pressure Within pressure vessel 600. 
A controller 710 is coupled to stepper motor 660 for auto 
matically controlling movement of piston 650 Within pres 
sure vessel 600, and a pressure sensor 105 is provided 
betWeen reservoir 123 and pump 121 (in this example) to 
sense pressure of system coolant Within coolant loop 120 of 
liquid-based cooling system 101. A communication line 720 
couples controller 710 and pressure sensor 105 to alloW logic 
Within controller 710 to ascertain system coolant pressure 
Within the coolant loop. 
[0040] FIG. 7B depicts one embodiment of logic for facili 
tating single-phase heat transfer in the coolant loop of the 
cooling system of FIG. 7A employing the pressure control 
unit depicted therein. The logic, Which is implemented by 
controller 710, reads pressure P of system coolant Within the 
coolant loop 750, and determines Whether pressure P is beloW 
a ?rst, loW pressure threshold PL 752. If “yes”, then the 
Working volume Within the pressure vessel is decreased by a 
set amount “x” 754, With the result of increasing pressure on 
the system coolant, after Which the logic Waits a time T 756 
before again determining the pressure P Within the coolant 
loop 750. If the read pressure P is greater or equal to the loW 
pressure threshold PL, then the logic determines Whether 
pressure P is above a high pressure threshold PH 758. If “yes”, 
then the Working volume Within the pressure vessel is 
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increased by the set amount “x” 760, with the result of reduc 
ing pressure on the system coolant within the pressure vessel, 
and thus, reducing pressure on system coolant within the 
coolant loop of the cooling system, for example, by drawing 
system coolant from the coolant loop into the pressure vessel. 
[0041] Note that the above-described cooling systems, 
pressure control units and methods are provided by way of 
example only. Numerous variations to the embodiments dis 
closed herein are possible without departing from the scope 
of the present invention. For example, the control logic to 
adjust pressure within the pressure vessel, and hence, within 
the coolant loop, could sense pressure at an inlet or outlet of 
the pressure vessel, within the pressure vessel, or at any 
location within the coolant loop of the cooling system. Fur 
ther, the system coolant to be maintained single-phase within 
the coolant loop may comprise any type of liquid coolant 
appropriate for an electronics cooling system. 
[0042] Further details and variations on liquid-based cool 
ing apparatuses and methods for cooling electronics systems 
and/ or electronics racks are disclosed in co-?led US. patent 
application Ser. No. , entitled “Control of System 
Coolant to Facilitate Two-Phase Heat Transfer in a Multi 
Evaporator Cooling System”, (Attorney Docket No. 
POU920090068US1), and co-?led US. patent application 
Ser. No. , entitled “System and Method for Facilitat 
ing Parallel Cooling of Liquid-Cooled Electronics Racks”, 
(Attorney Docket No. POU920090085US1), and co-?led 
US. patent application Ser. No. , entitled “Cooling 
System and Method Minimizing Power Consumption in 
Cooling Liquid-Cooled Electronics Racks”, (Attorney 
Docket No. POU920090087US1), and co-?led US. patent 
application Ser. No. , entitled “Apparatus and Method 
for Adjusting Coolant Flow Resistance Through Liquid 
Cooled Electronics Rack(s)”, (Attorney Docket No. 
POU920090078US1), the entirety of each of which is hereby 
incorporated herein by reference. 
[0043] As will be appreciated by one skilled in the art, 
aspects of the controller described above may be embodied as 
a system, method or computer program product. Accordingly, 
aspects of the controller may take the form of an entirely 
hardware embodiment, an entirely software embodiment (in 
cluding ?rmware, resident software, micro-code, etc.) or an 
embodiment combining software and hardware aspects that 
may all generally be referred to herein as a “circuit”, “mod 
ule” or “system”. Furthermore, aspects of the controller may 
take the form of a computer program product embodied in one 
or more computer readable medium(s) having computer read 
able program code embodied thereon. 
[0044] Any combination of one or more computer readable 
medium(s) may be utiliZed. The computer readable medium 
may be a computer readable storage medium. A computer 
readable storage medium may be, for example, but not limited 
to, an electronic, magnetic, optical, or semiconductor system, 
apparatus, or device, or any suitable combination of the fore 
going. More speci?c examples (a non-exhaustive list) of the 
computer readable storage medium include the following: an 
electrical connection having one or more wires, a portable 
computer diskette, a hard disk, a random access memory 
(RAM), a read-only memory (ROM), an erasable program 
mable read-only memory (EPROM or Flash memory), an 
optical ?ber, a portable compact disc read-only memory (CD 
ROM), an optical storage device, a magnetic storage device, 
or any suitable combination of the foregoing. In the context of 
this document, a computer readable storage medium may be 
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any tangible medium that can contain or store a program for 
use by or in connection with an instruction execution system, 
apparatus, or device. 
[0045] A computer-readable signal medium may include a 
propagated data signal with computer-readable program code 
embodied therein, for example, in baseband or as part of a 
carrier wave. Such a propagated signal may take any of a 
variety of forms, including, but not limited to, electromag 
netic, optical, or any suitable combination thereof A com 
puter-readable signal medium may be any computer-readable 
medium that is not a computer-readable storage medium and 
that can communicate, propagate, or transport a program for 
use by or in connection with an instruction execution system, 
apparatus or device. 
[0046] Program code embodied on a computer readable 
medium may be transmitted using an appropriate medium, 
including but not limited to wireless, wireline, optical ?ber 
cable, RF, etc., or any suitable combination of the foregoing. 
[0047] Computer program code for carrying out operations 
for aspects of the present invention may be written in any 
combination of one or more programming languages, includ 
ing an object oriented programming language, such as Java, 
Smalltalk, C++ or the like, and conventional procedural pro 
gramming languages, such as the “C” programming language 
or similar programming languages. 
[0048] Aspects of the present invention are described above 
with reference to ?owchart illustrations and/or block dia 
grams of methods, apparatus (systems) and computer pro 
gram products according to embodiments of the invention. It 
will be understood that each block of the ?owchart illustra 
tions and/or block diagrams, and combinations of blocks in 
the ?owchart illustrations and/ or block diagrams, can be 
implemented by computer program instructions. These com 
puter program instructions may be provided to a processor of 
a general purpose computer, special purpose computer, or 
other programmable data processing apparatus to produce a 
machine, such that the instructions, which execute via the 
processor of the computer or other programmable data pro 
cessing apparatus, create means for implementing the func 
tions/acts speci?ed in the ?owchart and/ or block diagram 
block or blocks. 

[0049] These computer program instructions may also be 
stored in a computer readable medium that can direct a com 
puter, other programmable data processing apparatus, or 
other devices to function in a particular manner, such that the 
instructions stored in the computer readable medium produce 
an article of manufacture including instructions which imple 
ment the function/ act speci?ed in the ?owchart and/ or block 
diagram block or blocks. 
[0050] The computer program instructions may also be 
loaded onto a computer, other programmable data processing 
apparatus, or other devices to cause a series of operational 
steps to be performed on the computer, other programmable 
apparatus or other devices to produce a computer imple 
mented process such that the instructions which execute on 
the computer or other programmable apparatus provide pro 
cesses for implementing the functions/acts speci?ed in the 
?owchart and/or block diagram block or blocks. 
[0051] The ?owchart and block diagrams in the ?gures 
illustrate the architecture, functionality, and operation of pos 
sible implementations of systems, methods and computer 
program products according to various embodiments of the 
present invention. In this regard, each block in the ?owcharts 
or block diagrams may represent a module, segment, or por 
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tion of code, Which comprises one or more executable 
instructions for implementing the speci?ed logical function 
(s). It should also be noted that, in some alternative imple 
mentations, the functions noted in the blocks may occur out of 
the order noted in the ?gures. For example, tWo blocks shoWn 
in succession may, in fact, be executed substantially concur 
rently, or the blocks may sometimes be executed in the reverse 
order, depending upon the functionality involved. It Will also 
be noted that each block of the block diagrams and/ or ?oW 
chart illustration, and combinations of blocks in the block 
diagrams and/ or ?owchart illustration, can be implemented 
by special purpose hardWare-based systems that perform the 
speci?ed functions or acts, or combinations of special pur 
pose hardWare and computer instructions. 
[0052] Although embodiments have been depicted and 
described in detail herein, it Will be apparent to those skilled 
in the relevant art that various modi?cations, additions, sub 
stitutions and the like can be made Without departing from the 
spirit of the invention and these are therefore considered to be 
Within the scope of the invention as de?ned in the folloWing 
claims. 

What is claimed is: 
1. A pressure control unit for facilitating single-phase heat 

transfer in a coolant loop of a cooling system, the pressure 
control unit comprising: 

a pressure vessel comprising system coolant; 
a pressurizing mechanism associated With the pressure 

vessel; 
a coolant line to couple the system coolant in the pressure 

vessel in ?uid communication With the coolant loop of 
the cooling system; and 

a regulator mechanism coupled to the pressuring mecha 
nism to maintain pres sure Within the pres sure vessel at or 
above a de?ned pressure threshold, and thereby main 
tain pressure Within the coolant loop at or above the 
de?ned pressure threshold through supply of system 
coolant from the pressure vessel into the coolant loop 
When the coolant line couples the pressure vessel and 
coolant loop in ?uid communication, and Wherein the 
de?ned pressure threshold is set to facilitate system 
coolant Within the coolant loop of the cooling system 
remaining single phase throughout an operational tem 
perature range of system coolant Within the coolant loop. 

2. The pressure control unit of claim 1, Wherein the opera 
tional temperature range comprises a maximum operational 
temperature of the system coolant, and the de?ned pressure 
threshold is set higher than saturation pressure of the system 
coolant at the maximum operational temperature. 

3. The pressure control unit of claim 1, Wherein the pres 
surizing mechanism comprises a pressurized ?uid source 
coupled to the pressure vessel via the regulator mechanism, 
Wherein the regulator mechanism automatically adjusts pres 
sure Within the pressure vessel by supplying pressurized ?uid 
from the pressurized ?uid source to the pressure vessel When 
pressure Within at least one of the pressure vessel or the 
coolant loop drops beloW the de?ned pressure threshold. 

4. The pressure control unit of claim 3, Wherein the pres 
surized ?uid source comprises one of a tank of compressed 
gas or an air compressor. 

5. The pressure control unit of claim 1, Wherein the pres 
surizing mechanism comprises a pressurized ?uid, and the 
system coolant and the pressurized ?uid are immiscible ?u 
ids. 
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6. The pressure control unit of claim 1, Wherein the pres 
surizing mechanism comprises a pressurized ?uid Within the 
pressure vessel, and the pressure control unit further com 
prises a bladder disposed Within the pressure vessel separat 
ing the system coolant and the pressurized ?uid. 

7. The pressure control unit of claim 1, Wherein the pres 
surizing mechanism comprises a pressurized ?uid Within the 
pressure vessel, and the pressure control unit further com 
prises: 

a pressure sensor for determining pressure of system cool 
ant Within one of the pressure vessel or the coolant loop 
of the cooling system; and 

a controller coupled to the pressure sensor and to the regu 
lator mechanism, Wherein the regulator mechanism 
comprises a proportional valve and the controller con 
trols at least one of opening or closing of the propor 
tional valve to maintain pressure of the pressurized ?uid 
Within the pressure vessel at or above the de?ned pres 
sure threshold, and thereby maintain pressure of the 
system coolant Within the pressure vessel at or above the 
de?ned pressure threshold. 

8. The pressure control unit of claim 1, Wherein the pres 
surizing mechanism comprises a piston disposed Within the 
pressure vessel, and Wherein the regulator mechanism com 
prises a stepper motor coupled to the piston for adjusting 
position of the piston Within the pressure vessel and thus 
pressure of system coolant Within the pressure vessel, and 
Wherein the pressure control unit further comprises: 

a pressure sensor for sensing pressure of system coolant 
Within one of the pressure vessel or the coolant loop of 
the cooling system; and 

a controller coupled to the pressure sensor and to the step 
per motor, Wherein the controller controls positioning of 
the piston Within the pressure vessel via the stepper 
motor to maintain pressure of system coolant Within the 
pressure vessel at or above the de?ned pressure thresh 
old. 

9. The pressure control unit of claim 8, Wherein the pres 
surizing mechanism further comprises a pressurized ?uid 
disposed Within the pressure vessel, and Wherein the pres sure 
control unit further comprises: 

a bladder disposed Within the pressure vessel separating 
the system coolant and the pressurized ?uid disposed 
therein, Wherein the pressurized ?uid is disposed 
betWeen the bladder and the piston, and the pressurized 
?uid comprises a pressurized gas. 

10. A cooling system comprising: 
at least one liquid-cooled cold plate con?gured to couple to 

at least one electronic device to be cooled; 
a coolant loop in ?uid communication With the at least one 

liquid-cooled cold plate for facilitating ?oW of system 
coolant through the at least one liquid-cooled cold plate; 
and 

a pressure control unit coupled to the coolant loop for 
facilitating single-phase system coolant heat transfer 
through the coolant loop, the pressure control unit com 
prising: 
a pressure vessel comprising system coolant; 
a pressurizing mechanism associated With the pressure 

vessel; 
a coolant line coupling the system coolant in the pres 

sure vessel in ?uid communication With the coolant 
loop; and 
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a regulator mechanism coupled to the pressurizing 
mechanism to maintain pressure Within the coolant 
loop at or above a de?ned pressure threshold through 
supply of system coolant from the pressure vessel into 
the coolant loop, and Wherein the de?ned pressure 
threshold is set to facilitate system coolant Within the 
coolant loop remaining single phase throughout an 
operational temperature range of the system coolant 
Within the coolant loop of the cooling system. 

11. The cooling system of claim 10, Wherein the opera 
tional temperature range comprises a maximum operational 
temperature of the system coolant, and the de?ned pressure 
threshold is set higher than saturation pressure of the system 
coolant at the maximum operational temperature 

12. The cooling system of claim 10, Wherein the pressur 
izing mechanism comprises a pressurized ?uid source 
coupled to the pressure vessel via the regulator mechanism, 
Wherein the regulator mechanism automatically adjusts pres 
sure Within the pressure vessel by supplying pressurized ?uid 
from the pressurized ?uid source to the pressure vessel When 
pressure Within at least one of the pressure vessel or the 
coolant loop drops beloW the de?ned pressure threshold, and 
Wherein the system coolant and the pressurized ?uid are 
immiscible ?uids. 

13. The cooling system of claim 10, Wherein the pressur 
izing mechanism comprises a pressurized ?uid Within the 
pressure vessel, and the pressure control unit further com 
prises a bladder disposed Within the pressure vessel separat 
ing the system coolant and the pressurized ?uid. 

14. The cooling system of claim 10, Wherein the pressur 
izing mechanism comprises a pressurized ?uid Within the 
pressure vessel, and the pressure control unit further com 
prises: 

a pressure sensor for determining pressure of system cool 
ant Within one of the pressure vessel or the coolant loop 
of the cooling system; and 

a controller coupled to the pressure sensor and to the regu 
lator mechanism, Wherein the regulator mechanism 
comprises a proportional valve and the controller con 
trols at least one of opening or closing of the propor 
tional valve to maintain pressure of the pressurized ?uid 
Within the pressure vessel at or above the de?ned pres 
sure threshold, and thereby maintain pressure of the 
system coolant Within the pressure vessel at or above the 
de?ned pres sure threshold. 

15. The cooling system of claim 10, Wherein the pressur 
izing mechanism comprises a piston disposed Within the pres 
sure vessel, and Wherein the regulator mechanism comprises 
a stepper motor coupled to the piston for adjusting position of 
the piston Within the pressure vessel and thus pressure of 
system coolant Within the pressure vessel, and Wherein the 
pressure control unit further comprises: 

Mar. 10, 2011 

a pressure sensor for sensing pressure of system coolant 
Within one of the pressure vessel or the coolant loop of 
the cooling system; and 

a controller coupled to the pressure sensor and to the step 
per motor, Wherein the controller controls positioning of 
the piston Within the pressure vessel via the stepper 
motor to maintain pressure of system coolant Within the 
pressure vessel at or above the de?ned pressure thresh 
old. 

16. The cooling system of claim 15, Wherein the pressur 
izing mechanism further comprises a pressurized ?uid dis 
posed Within the pressure vessel, and Wherein the pressure 
control unit further comprises: 

a bladder disposed Within the pressure vessel separating 
the system coolant and the pressurized ?uid disposed 
therein, Wherein the pressurized ?uid is disposed 
betWeen the bladder and the piston, and the pressurized 
?uid comprises a pressurized gas. 

17. A method of facilitating single-phase system coolant 
heat transfer in a coolant loop of a cooling system, the method 
comprising: 

coupling a pressure vessel in ?uid communication With the 
coolant loop of the cooling system, the pressure vessel 
comprising system coolant; and 

regulating pressure Within the pressure vessel to maintain 
the pressure at or above a de?ned pressure threshold, and 
thereby maintain pressure Within the coolant loop at or 
above the de?ned pressure threshold through supply of 
system coolant from the pressure vessel into the coolant 
loop, Wherein the de?ned pressure threshold is selected 
to facilitate system coolant Within the coolant loop of the 
cooling system remaining single-phase throughout an 
operational temperature range of the system coolant 
Within the coolant loop. 

18. The method of claim 17, further comprising monitoring 
pressure of system coolant Within at least one of the pressure 
vessel or the coolant loop of the cooling system, and Wherein 
the regulating is responsive to the pressure monitoring. 

19. The method of claim 17, further comprising providing 
a pressurized ?uid Within the pressure vessel, and the regu 
lating comprises regulating an amount of pressurized ?uid 
Within the pressure vessel, thereby regulating pressure Within 
the pressure vessel, Wherein the pressurized ?uid and the 
system coolant are immiscible ?uids. 

20. The method of claim 17, Wherein the operational tem 
perature range of the system coolant Within the coolant loop 
comprises a maximum operational temperature, and the 
method further comprises setting the de?ned pressure thresh 
old higher than saturation pressure of the system coolant at 
the maximum operational temperature. 

* * * * * 


