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(57) ABSTRACT 

According to one embodiment of the invention a method for 
controlling cooling of a heat-generating structure disposed 
in an environment having an ambient pressure includes 
providing a ?uid coolant and reducing the pressure of the 
coolant to a subambient pressure at Which the coolant has a 
boiling temperature less than a temperature of the heat 
generating structure. The method further includes boiling 
and vaporizing coolant to absorb heat from the heat-gener 
ating structure by bringing the coolant into thermal com 
munication With the heat generating structure. The method 
also includes measuring a parameter indicative of a pressure 

APPL NO; 10/853,038 of the coolant and adjusting the pressure of the coolant in 
response to control the cooling of the heat-generating struc 
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METHOD AND APPARATUS FOR CONTROLLING 
COOLING WITH COOLANT AT A SUBAMBIENT 

PRESSURE 

TECHNICAL FIELD OF THE INVENTION 

[0001] This invention relates in general to cooling tech 
niques and, more particularly, to a method and apparatus for 
controlling cooling of a system that generates a substantial 
amount of heat through use of coolant at a subambient 
pressure. 

BACKGROUND OF THE INVENTION 

[0002] Some types of electronic circuits use relatively 
little poWer, and produce little heat. Circuits of this type can 
usually be cooled satisfactorily through a passive approach, 
such as convection cooling. In contrast, there are other 
circuits that consume large amounts of poWer, and produce 
large amounts of heat. One example is the circuitry used in 
a phased array antenna system. 

[0003] More speci?cally, a modern phased array antenna 
system can easily produce 25 to 30 kiloWatts of heat, or even 
more. One knoWn approach for cooling this circuitry is to 
incorporate a refrigeration unit into the antenna system. 
HoWever, suitable refrigeration units are large, heavy, and 
consume many kiloWatts of poWer in order to provide 
adequate cooling. For example, a typical refrigeration unit 
may Weigh about 200 pounds, and may consume about 25 to 
30 kiloWatts of poWer in order to provide about 25 to 30 
kiloWatts of cooling. Although refrigeration units of this 
type have been generally adequate for their intended pur 
poses, they have not been satisfactory in all respects. 

[0004] In this regard, the siZe, Weight and poWer consump 
tion characteristics of these knoWn refrigeration systems are 
all signi?cantly larger than desirable for an apparatus such 
as a phased array antenna system. And given that there is an 
industry trend toWard even greater poWer consumption and 
heat dissipation in phased array antenna systems, continued 
use of refrigeration-based cooling systems Would involve 
refrigeration systems With even greater siZe, Weight and 
poWer consumption, Which is undesirable. In such systems, 
it is often important that stable cooling is achieved during 
both startup and When the cooled device is subjected to Wide 
sWings in required cooling capacities. 

SUMMARY OF THE INVENTION 

[0005] According to one embodiment of the invention a 
method for controlling cooling of a heat-generating structure 
disposed in an environment having an ambient pressure 
includes providing a ?uid coolant and reducing the pressure 
of the coolant to a subambient pressure at Which the coolant 
has a boiling temperature less than a temperature of the 
heat-generating structure. The method further includes boil 
ing and vaporiZing coolant to absorb heat from the heat 
generating structure by bringing the coolant into thermal 
communication With the heat generating structure. The 
method also includes measuring a parameter indicative of a 
pressure of the coolant and adjusting the pressure of the 
coolant in response to control the cooling of the heat 
generating structure. 

[0006] Some embodiments of the invention may provide 
numerous technical advantages. Other embodiments may 
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realiZe some, none, or all of these advantages. For example, 
according to one embodiment, the temperature of a heat 
generating device, such as a phase array antenna, may be 
maintained at a desired temperature through a control sys 
tem that feeds back an indication of pressure of a coolant. 
Such an approach avoids complex control schemes that must 
take into account thermal delay associated With feeding back 
the temperature of the heat-generating device. Such an 
approach may avoid instability problems and provides a 
stable thermal environment during startup and When heat 
load environments change. 

[0007] Other advantages may be readily ascertainable by 
those skilled in the art. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] Amore complete understanding of embodiments of 
the invention Will be apparent from the detailed description 
taken in conjunction With the accompanying draWings in 
Which: 

[0009] FIG. 1 is a block diagram of an apparatus that 
includes a phased array antenna system and an associated 
cooling arrangement that embodies aspects of the present 
invention; 

[0010] FIG. 2 is a block diagram of the apparatus of FIG. 
1 shoWing additional details related to the control of the 
system of FIG. 1; 

[0011] FIG. 3 is a block diagram of the system of FIG. 2 
shoWing yet additional details related to the control of the 
system of FIG. 1; and 

[0012] FIG. 4 is a diagram of an example linear actuated 
belloWs that may be used in conjunction With the teachings 
of the present invention. 

DETAILED DESCRIPTION OF EXAMPLE 
EMBODIMENTS OF THE INVENTION 

[0013] Example embodiments of the present invention and 
their advantages are best understood by referring to FIGS. 
1-4 of the draWings, like numerals being used for like and 
corresponding parts of the various draWings. 

[0014] FIG. 1 is a block diagram of an apparatus 10 that 
includes a phased array antenna system 12. The antenna 
system 12 includes a plurality of identical modular parts that 
are commonly knoWn as slats, tWo of Which are depicted at 
14 and 16. A feature of the present invention involves 
techniques for controlling cooling the slats 14 and 16, so as 
to remove appropriate amounts of heat generated by elec 
tronic circuitry therein. 

[0015] The electronic circuitry Within the antenna system 
12 has a knoWn con?guration, and is therefore not illustrated 
and described here in detail. Instead, the circuitry is 
described only brie?y here, to an extent that facilitates an 
understanding of the present invention. In particular, the 
antenna system 12 includes a tWo-dimensional array of 
not-illustrated antenna elements, each column of the antenna 
elements being provided on a respective one of the slats, 
including the slats 14 and 16. Each slat includes separate and 
not-illustrated transmit/receive circuitry for each antenna 
element. It is the transmit/receive circuitry Which generates 
most of the heat that needs to be WithdraWn from the slats. 
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The heat generated by the transmit/receive circuitry is 
shown diagrammatically in FIG. 1, for example by the 
arrows at 18 and 20. 

[0016] Each of the slats is con?gured so that the heat it 
generates is transferred to a tube 22 or 24 extending through 
that slat. Alternatively, the tube 22 or 24 could be a channel 
or passageWay extending through the slat, instead of a 
physically separate tube. A ?uid coolant ?oWs through each 
of the tubes 22 and 24. As discussed later, this ?uid coolant 
is a tWo-phase coolant, Which enters the slat in liquid form. 
Absorption of heat from the slat causes part or all of the 
liquid coolant to boil and vaporiZe, such that some or all of 
the coolant leaving the slats 14 and 16 is in its vapor phase. 
This departing coolant then ?oWs successively through a 
separator 26, a heat exchanger 28, a pump 30, and a 
respective one of tWo ori?ces 32 and 34, in order to again 
reach the inlet ends of the tubes 22 and 24. The pump 30 
causes the coolant to circulate around the endless loop 
shoWn in FIG. 1. In the embodiment of FIG. 1, the pump 30 
consumes only about 0.1 kiloWatts to 2.0 kiloWatts of poWer. 

[0017] Separator 26 separates the vaporiZed portion of the 
liquid coolant ?oWing through tubes 22 and 24 from the 
unvaporiZed liquid portion. The vaporiZed portion is pro 
vided to heat exchanger 28, and the liquid portion is pro 
vided at separator pump 36. 

[0018] Separator pump 36 receives the liquid portion of 
the coolant that has not vaporiZed in tubes 22 and 24 
circulates this ?uid back through tubes 22 and 24 via ori?ces 
32 and 34. 

[0019] The ori?ces 32 and 34 facilitate proper partitioning 
of the coolant among the respective slats, and also help to 
create a large pressure drop betWeen the output of the pump 
30 and the tubes 18 and 20 in Which the coolant vaporiZes. 
It is possible for the ori?ces 32 and 34 to have the same siZe, 
or to have different siZes in order to partition the coolant in 
a proportional manner Which facilitates a desired cooling 
pro?le. 
[0020] Ambient air or liquid 38 is caused to ?oW through 
the heat exchanger 28, for example by a not-illustrated fan 
of a knoWn type. Alternatively, if the apparatus 10 Was on a 
ship, the ?oW 38 could be ambient seaWater. The heat 
exchanger 28 transfers heat from the coolant to the air ?oW 
38. The heat exchanger 28 thus cools the coolant, thereby 
causing any portion of the coolant Which is in the vapor 
phase to condense back into its liquid phase. 

[0021] The liquid coolant exiting the heat exchanger 28 is 
supplied to the expansion reservoir 40. Since ?uids typically 
take up more volume in their vapor phase than in their liquid 
phase, the expansion reservoir 40 is provided in order to take 
up the volume of liquid coolant that is displaced When some 
or all of the coolant in the system changes from its liquid 
phase to its vapor phase. The amount of the coolant that is 
in its vapor phase can vary over time, due in part to the fact 
that the amount of heat being produced by the antenna 
system 12 Will vary over time, as the antenna system 
operates in various operational modes. 

[0022] Pressure controller 42 maintains the coolant at a 
desired subambient pressure in portions of the cooling loop 
doWnstream of the ori?ces 32 and 34 and upstream of the 
pump 30, as described in greater detail in conjunction With 
FIGS. 2 and 3. Typically, the ambient air pressure Will be 
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that of atmospheric air, Which at sea level is 14.7 pounds per 
square inch area (psia). When antenna system 12 (or any 
other heat-generating device) undergoes transient heat loads, 
this subambient pressure may need to be adjusted to alloW 
greater or lesser amounts of heat transfer from slats 18 and 
20 at a desired temperature. According to the teachings of 
the invention, slats 18 and 20 are maintained at a desired 
temperature by feeding back the pressure of the coolant as 
it exits passageWays 22 and 24. This pressure is indicative of 
the temperature at slats 18 and 20. In response, pressure 
controller 42 may respond by raising or loWering the pres 
sure of the coolant, Which affects the boiling temperature of 
the coolant and therefore the rate of heat transfer. By feeding 
back the coolant pressure, as opposed to the temperature of 
the slats, associated thermal delay is eliminated from the 
control loop, permitting direct control of pressure Without 
taking into account the thermal delay. 

[0023] Turning noW in more detail to the coolant, one 
highly ef?cient technique for removing heat from a surface 
is to boil and vaporiZe a liquid Which is in contact With the 
surface. As the liquid vaporiZes, it inherently absorbs heat. 
The amount of heat that can be absorbed per unit volume of 
a liquid is commonly knoWn as the latent heat of vaporiZa 
tion of the liquid. The higher the latent heat of vaporiZation, 
the larger the amount of heat that can be absorbed per unit 
volume of liquid being vaporiZed. 

[0024] The coolant used in the disclosed embodiment of 
FIG. 1 is Water. Water absorbs a substantial amount of heat 
as it vaporiZes, and thus has a very high latent heat of 
vaporiZation. HoWever, Water boils at a temperature of 100° 
C. at atmospheric pressure of 14.7 psia. In order to provide 
suitable cooling for an electronic apparatus such as the 
phased array antenna system 12, the coolant needs to boil at 
a temperature in the range of approximately 60° C. When 
Water is subjected to a subambient pressure of about 3 psia, 
its boiling temperature decreases to approximately 60° C. 
Thus, in the embodiment of FIG. 1, the ori?ces 32 and 34 
permit the coolant pressure doWnstream from them to be 
substantially less than the coolant pressure betWeen the 
pump 30 and the ori?ces 32 and 34. 

[0025] Water ?oWing from the pump 30 to the ori?ces 32 
and 34 has a temperature of approximately 60° C. to 65° C., 
and a pressure in the range of approximately 15 psia to 100 
psia. After passing through the ori?ces 32 and 34, the Water 
Will still have a temperature of approximately 60° C. to 65° 
C., but Will have a much loWer pressure, in the range about 
2 psia to 8 psia. Due to this reduced pressure, some or all of 
the Water Will boil as it passes through and absorbs heat from 
the tubes 22 and 24, and some or all of the Water Will thus 
vaporiZe. After exiting the slats, the Water vapor (and any 
remaining liquid Water) Will still have the reduced pressure 
of about 2 psia to 8 psia. 

[0026] When this subambient coolant Water reaches the 
heat exchanger 28, heat Will be transferred from the Water to 
the forced air ?oW 38. The air ?oW 38 has a temperature less 
than a speci?ed maximum of 55° C., and typically has an 
ambient temperature beloW 40° C. As heat is removed from 
the Water coolant, any portion of the Water Which is in its 
vapor phase Will condense, such that all of the coolant Water 
Will be in liquid form When it exits the heat exchanger 28. 
This liquid Will have a temperature of approximately 60° C. 
to 65° C., and Will still be at the subambient pressure of 
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approximately 2 psia to 8 psia. This liquid coolant Will then 
How to the pump 30 With a tee connection prior to the 
expansion reservoir 40. The pump 30 Will have the effect of 
increasing the pressure of the coolant Water, to a value in the 
range of approximately 15 psia to 100 psia, as mentioned 
earlier. 

[0027] It Will be noted that the embodiment of FIG. 1 
operates Without any refrigeration system. In the context of 
high-poWer electronic circuitry, such as that utiliZed in the 
phased array antenna system 12, the absence of a refrigera 
tion system can result in a very signi?cant reduction in the 
siZe, Weight, and poWer consumption of the structure pro 
vided to cool the antenna system. 

[0028] As mentioned above, the coolant used in the 
embodiment of FIG. 1 is Water. HoWever, it Would alterna 
tively be possible to use other coolants, including but not 
limited to methanol, a ?uorinert, a mixture of Water and 
methanol, or a mixture of Water and ethylene glycol 
(WEGL). These alternative coolants each have a latent heat 
of vaporiZation less than that of Water, Which means that a 
larger volume of coolant must be flowing in order to obtain 
the same cooling effect that can be obtained With Water. As 
one example, a ?uorinert has a latent heat of vaporiZation 
Which is typically about 5% of the latent heat of vaporiZation 
of Water. Thus, in order for a ?uorinert to achieve the same 
cooling effect as a given volume or flow rate of Water, the 
volume or flow rate of the ?uorinert Would have to be 
approximately 20 times the given volume or ?oW rate of 
Water. 

[0029] Despite the fact that these alternative coolants have 
a loWer latent heat of vaporiZation than Water, there are some 
applications Where use of one of these other coolants can be 
advantageous, depending on various factors, including the 
amount of heat Which needs to be dissipated. As one 
example, in an application Where a pure Water coolant may 
be subjected to loW temperatures that might cause it to freeZe 
When not in use, a mixture of Water and ethylene glycol 
could be a more suitable coolant than pure Water, even 
though the mixture has a latent heat of vaporiZation loWer 
than that of pure Water. 

[0030] FIG. 2 is a block diagram of the apparatus 10 of 
FIG. 1 shoWing additional details related to the control of 
apparatus 10. FIG. 2 additionally illustrates a pressure 
transducer 44 that measures the pressure of the coolant 
Within tubes 22 and 24. Thus, pressure transducer 44 mea 
sures the pressure at Which coolant Within tubes 22 and 24 
boils. Alternatively, any transducer capable of providing an 
indication of the pressure at Which coolant Within tubes 22 
and 24 boils may be utiliZed. One example of such an 
alternative transducer is a temperature transducer, because 
the pressure at Which coolant in tubes 22 and 24 boils may 
be determined by the temperature of such coolant. Tempera 
ture transducer 44 provides a signal 46 indicative of the 
pressure coolant in tubes 22 and 24 to controller 42. Con 
troller 42 controls pressure of coolant in tubes 22 and 24 by 
either introducing additional coolant or removing coolant 
from the portion of the control loop betWeen tubes 22 and 24 
and heat exchange pump 30. In this particular example, 
expansion reservoir 40 includes a pump motor 48 having a 
reversible shaft 50 driving a positive displacement charge 
pump 52. If it is determined that the pressure in tubes 22 and 
24 needs to be increased, controller 42 commands (via 
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command 60) the pump motor 48 to drive the positive 
displacement charge pump 52 to provide additional coolant 
to the coolant loop. If it is desired that the coolant pressure 
in tubes 22 and 24 be loWered, controller 42 commands 
pump motor 48 to drive positive displacement discharge 
pump 52 to remove coolant from the coolant loop and store 
it in a holding reservoir 54. Controller 42 also receives a 
level indication 56 indicative of the level of holding reser 
voir 54. Pump meter feeds back its speed to controller 42 via 
signal 62. 

[0031] According to the teachings of the invention, either 
removing or increasing coolant Within the coolant loop 
effectively changes the pressure of the coolant in tubes 22 
and 24. This change in pressure results in a desired change 
in temperature of phased array antenna system 12. In one 
embodiment, controller 42 also receives a signal 58 indica 
tive of the heat load of base array antenna system 12. 
Because the relationship betWeen the temperature of antenna 
array 12 and the pressure Within tubes 22 and 24 depends 
upon the amount of heat being generated by antenna array 
12, this signal may be utiliZed by controller 42 to determine 
Whether the pressure in the cooling system loop should be 
increased or decreased. HoWever, controller 42 may be 
appropriately programmed to provide the correct pressure 
adjustment based upon anticipated heat loads Without 
receiving an indication of the actual heat load of antenna 
system 12. By controlling the temperature of antenna array 
system 12 through feedback and control of the pressure of 
the coolant in tubes 22 and 24, control loop complications 
associated With the thermal delay involved in feeding back 
temperature (and associated stability problems) can be 
avoided. 

[0032] FIG. 3 is a block diagram of the system of FIG. 1 
shoWing yet even further details related to the control of 
apparatus 10. In this example, controller 42 receives a 
plurality of additional signals. These signals include a slat 
temperature level set 64, an ambient temperature 66, an 
ambient air pressure 68, slat temperatures 70, heat 
exchanger temperature and pressures 70, and a fan speed 74. 
In addition, controller 42 also is shoWn as generating a 
plurality of additional signals, including a separator pump 
control signal 76, a heat exchange pump control signal 78, 
and a fan control signal 80. Slat temperature level signal 64 
presents a desired temperature for slats 18 and 20. In this 
particular embodiment, the slat temperature level is set and 
controller 42 utiliZes the desired set level in determining any 
appropriate changes to the pressure of the coolant in tubes 22 
and 24 to maintain this temperature. Such calculations may 
also include the heat load indicator 58. The ambient air 
temperature signal 66 is used to set the speed of a fan 82 to 
ensure that the correct air mass flow rate through heat 
exchanger 28 occurs for a speci?c heat load relative to the 
temperature of the ambient air entering the heat exchanger 
28. 

[0033] The ambient air pressure may vary as a function of 
the operating altitude of apparatus 10. Signal 68, Which is 
indicative of the ambient air pressure is used to set the fan 
82 motor speed to ensure the correct air mass flow through 
the heat exchanger regardless of altitude. The ambient air 
pressure signal 68 is also used to compensate for pressure 
variations in the holding reservoir 54 until an optimum 
pressure is maintained. 
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[0034] The heat exchanger temperatures, represented by 
numeral 72, at the heat exchanger inlet and outlet are 
provided to controller 42 to indicate the performance of the 
heat exchanger and to see if the heat exchanger 28 is 
reaching its maximum capacity, as indicated by the outlet 
temperature being close to or the same as the inlet tempera 
ture. The associated heat exchanger pressures, also repre 
sented by reference numeral 72, is provided to controller 42 
on both sides of the heat exchanger 38. These pressures are 
used to determine the air mass ?oW rate through the heat 
exchanger and determine the desired fan motor speed. In 
addition, these pressures are used With the measured fan 
speed to assess if the heat exchanger 28 is getting clogged 
With trash or debris. 

[0035] Fan control signal 80 and the associated fan speed 
74 are provided by and to controller 42 to control the fan 
speed to regulate the air mass ?oW through heat exchanger 
28. Slat temperature level set 64 is a signal provided to 
controller 42 that informs controller 42 that it should raise 
the saturation pressure in the loop to raise its boiling 
temperature during periods of loW heat load. This is per 
formed to hold the temperature of the slat assembly constant 
over a range of heat loads. 

[0036] Controller 42 also generates halt and status report 
ing signals, represented collectively by reference numeral 
84. Signals 84 communicate the operational status of the 
cooling system and reports Whether the cooling system is 
operating Within set limits based on the heat load being 
removed. Controller 42 also reports if any alarm or shut 
doWn limits have been reached. 

[0037] FIG. 4 is a diagram of an example linear actuated 
belloWs-like reservoir 86 that may be used as an alternative 
approach for moving ?uid into or out of the control loop to 
control the loop’s pressure. Reservoir 86 includes a linear 
actuator 88 that may pull or push on a free end 90 of the 
belloWs 92 to evacuate the loop or to let coolant ?oW back 
into the loop. Reservoir 86 combines the functions of 
holding reservoir 54 and dispositive displacement charge 
pump 52. 

[0038] Although the present invention has been disclosed 
in the context of a phased array antenna system, it Will be 
recogniZed that it can be utiliZed in a variety of other 
contexts, including but not limited to a poWer converter 
assembly, or certain types of directed energy Weapon (DEW) 
systems. Although the present invention and its advantages 
have been described in detail, it should be understood that 
various changes, substitutions, and alterations can be made 
therein Without departing from the spirit and scope of the 
invention as de?ned by the appended claims. 

What is claimed is: 
1. An apparatus, comprising a heat-generating structure 

disposed in an environment having an ambient pressure and 
a cooling system for removing heat from said heat-gener 
ating structure, said cooling system including: 

a ?uid coolant; 

structure that reduces a pressure of the coolant to a 
subambient pressure at Which the coolant has a boiling 
temperature less than a temperature of the heat-gener 
ating structure; 
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structure that directs a ?oW of the coolant in the form of 
a liquid in a manner causing the liquid coolant to be 
brought into thermal communication With the heat 
generating structure, the heat from the heat-generating 
structure causing the liquid coolant to boil and vaporiZe 
so that the coolant absorbs from the heat-generating 
structure as the coolant changes state; 

a pressure transducer disposed Within the passageWay and 
operable to measure a pressure of the coolant in the 
passageWay; 

a controller operable to receive the pressure of the coolant 
in the passageWay and generate a control signal based 
at least in part on a desired temperature of a portion of 
the heat-generating structure and the amount of heat 
generated by the heat-generating structure; 

a positive displacement pump responsive to the control 
signal operable to adjust a pressure of the coolant to 
control cooling of the heat-generating structure; 

Wherein the heat-generating structure includes a passage 
Way having a surface that extends along a length of the 
passageWay; and 

Wherein heat generated by the heat-generating structure is 
supplied to the surface of the passageWay along the 
length of the surface, the portion of the coolant ?oWing 
through the passageWay and engaging the surface so as 
to absorb heat from the surface. 

2. A method for controlling cooling of a heat-generating 
structure disposed in an environment having an ambient 
pressure, comprising: 

providing a ?uid coolant; 

reducing a pressure of the coolant to a subambient pres 
sure at Which the coolant has a boiling temperature less 
than a temperature of the heat-generating structure; 

boiling and vaporiZing the coolant to absorb heat from the 
heat-generating structure by bringing the coolant into 
thermal communication With the heat-generating struc 
ture; 

measuring a parameter indicative of a pressure of the 
coolant; and 

adjusting the pressure of the coolant in response to the 
measuring to control the cooling of the heat-generating 
structure. 

3. A method according to claim 2, Wherein adjusting the 
pressure of the coolant comprises adjusting the pressure of 
the coolant based at least in part on a heat load of the 
heat-generating structure. 

4. A method according to claim 2, Wherein the parameter 
indicative of a pressure of the coolant is one of pressure of 
the coolant and a temperature of the coolant. 

5. A method according to claim 2, Wherein adjusting the 
pressure of the coolant comprises adjusting the pressure of 
the coolant by a positive displacement pump. 

6. A method according to claim 2, Wherein adjusting the 
pressure of the coolant comprises adjusting the pressure of 
the coolant by a linear actuated belloWs. 

7. A method according to claim 2, including: 

con?guring the heat-generating structure to include a 
passageWay having a surface that extends along a 
length of the passageWay; 
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supplying the heat generated by the heat generating 
structure to the surface of the passageWay along the 
length thereof; and 

causing the portion of the coolant to flow through the 
passageWay and engage the surface. 

8. A method according to claim 2, Wherein adjusting the 
pressure of the coolant comprises adjusting the pressure of 
the coolant based in part on a desired temperature of a 
portion of the heat-generating structure. 

9. A method according to claim 7, Wherein the parameter 
indicative of a pressure of the coolant is a parameter 
indicative of a pressure of the coolant in the passageWay. 

10. Amethod according to claim 2, including selecting for 
use as the coolant one of Water, methanol, a ?uorinert, and 
a mixture of Water and ethylene glycol. 

11. A method according to claim 2, including circulating 
the coolant through a How loop. 

12. Amethod according to claim 11, including con?guring 
the loop to include a heat exchanger for removing heat from 
said coolant so as to condense the coolant. 

13. Amethod according to claim 12, including causing the 
heat exchanger to transfer heat from the coolant to a further 
medium having an ambient temperature that is less than the 
boiling temperature of the coolant at the pressure of the 
coolant. 

14. An apparatus, comprising heat-generating structure 
disposed in an environment having an ambient pressure, and 
a cooling system for removing heat from the heat-generating 
structure, the cooling system including: 

a ?uid coolant; 

structure that reduces a pressure of the coolant to a 
subambient pressure at Which the coolant has a boiling 
temperature less than a temperature of the heat-gener 
ating structure; 

structure that directs a How of the coolant in a manner 
causing the liquid coolant to be brought into thermal 
communication With the heat-generating structure, the 
heat from the heat-generating structure causing the 
liquid coolant to boil and vaporiZe so that the coolant 
absorbs heat from the heat-generating structure as the 
coolant changes state; 

a transducer in operative communication With the coolant 
and operable to measure a parameter indicative of a 
pressure of the coolant; 

a controller operable to receive the parameter indicative 
of a pressure of the coolant and generate a control 
signal; and 
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structure responsive to the control signal that is operable 
to adjust a pressure of the coolant to control cooling of 
the heat-generating structure. 

15. An apparatus according to claim 14, Wherein the 
controller is further operable to generate a control signal 
based at least in part on a desired temperature of the 
heat-generating structure. 

16. An apparatus according to claim 14, Wherein the 
controller is further operable to generate a control signal 
based at least in part on a heat load of the heat-generating 
structure. 

17. An apparatus according to claim 14, Wherein the 
transducer is one of a pressure transducer and a temperature 
transducer. 

18. An apparatus according to claim 14, 

Wherein the heat-generating structure includes a passage 
Way having a surface that extends along a length of the 
passageWay; and 

Wherein heat generated by the heat generating structure is 
supplied to the surface of the passageWay along the 
length of the surface, the portion of the coolant flowing 
through the passageWay and engaging the surface so as 
to absorb heat from the surface. 

19. An apparatus according to claim 18, Wherein the 
transducer is a pressure transducer disposed in the passage 
Way. 

20. An apparatus according to claim 14, Wherein the 
structure responsive to the control signal is a positive 
displacement pump. 

21. An apparatus according to claim 14, Wherein the 
structure responsive to the control signal is a linear actuated 
belloWs. 

22. An apparatus according to claim 14, Wherein the 
structure that directs a How of the coolant is con?gured to 
circulate the coolant through a How loop. 

23. An apparatus according to claim 22, including a heat 
exchanger for removing heat from the coolant flowing 
through the loop so as to condense the coolant to a liquid. 

24. An apparatus according to claim 23, Wherein the heat 
exchanger transfers heat from the coolant to a further 
medium having an ambient temperature less than the boiling 
temperature of the coolant at the pressure of the coolant. 


