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1. 

DIRECTLY INUECTED FORCED 
CONVECTION COOLING FOR 

ELECTRONICS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of U.S. patent applica 
tion Ser. No. 12/679,868, filed Sep. 23, 2010, which is a 
National Phase application under 35 U.S.C. S371 of Interna 
tional Application No. PCT/EP2008/062733, filed on Sep. 
24, 2008, which claims the benefit of Netherlands Patent 
Application No. 1034420, filed Sep. 24, 2007, all of which are 
incorporated by referenced herein. The International Appli 
cation was published on Apr. 2, 2009 as WO 2009/040366. 

BACKGROUND 

1. Field of the Invention 
The present invention relates to the cooling of electronic 

circuitry, and in particular to the cooling of electronic cir 
cuitry comprising a circuit board and one or more electronic 
components that generate heat in use and that are mounted on 
the circuit board. 

2. Description of the Related Art 
As the functionality and performance of semiconductor 

integrated circuits (ICs) increase, so does the amount of dis 
sipated heat per unit of their surface area. To control the rising 
temperatures of components on Printed Circuit Boards, 
improvement in cooling performance is required. 
Most mainstream electronics cooling methods rely on con 

vection, conduction or a combination of these (radiation only 
plays a negligible role in cooling electronics). 
A known method of cooling ICS is through forced convec 

tive cooling. However, Such forced convective cooling is con 
strained by the fact that the generated heat has to travel from 
the junction of heat dissipating components through a series 
of thermal resistances before it finally reaches the coolant 
medium, at the cost of a significant temperature gradient. 
These thermal resistances consist of for instance, adhesive 
layers, encapsulation resins, solder connections, pockets/lay 
ers of stationary air, etc. 

In another known method, high-performance ICs in con 
Sumer electronics such as Central Processing Units (CPUs) 
and Video Controllers dissipate most of their heat through 
their top surface to a heat sink or a more Sophisticated (active) 
cooling device, with minor impact on the PCB design itself. 
This technique has its limitations as in most cases IC package 
thermal resistance from the semiconductor die to the package 
top surface is relatively high. In the struggle to keep pace with 
increasing semiconductor performances, both the size and 
power consumption of Such add-on cooling devices have, 
disadvantageously become increasingly large. 

Moreover, in Some applications the components top Sur 
face is not even accessible, in particular when the component 
is an integrated sensor. In these cases, most of the heat must be 
dissipated through the bottom of the component into the 
Printed Circuit Board and initially removed through conduc 
tion. Although in many cases the bottom side of the electronic 
components has the lowest thermal resistance, this side can 
not be directly exposed to a coolant medium because it is 
facing the PCB. Generally, PCBs have a poor thermal con 
ductivity, which can be moderately improved, e.g. by adding 
more or thicker copper layers. 

Variants of the prior art methods mentioned above have 
focused on improving heat transfer by reducing the magni 
tude of thermal resistances, for instance by improving ther 
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2 
mal conductivity or improving heat transfer to a coolant 
medium. Strictly speaking, the thermal path remains essen 
tially the same; the improvement is merely due to improve 
ment of sub-optimal thermal resistances. The result of these 
approaches is a moderately reduced temperature gradient, but 
at the expense of more costly material compositions or more 
complex, additional hardware, or both. With increasing heat 
dissipation levels, the amount of add-on hardware and mate 
rials becomes an increasingly dominant factor in the design, 
and consequently also a significant cost factor. 

Another known method of cooling integrated circuits 
relates specifically to the cooling of printed circuit board 
(PCB) units contained within a main housing, in which each 
PCB unit is, in turn, contained within its own housing within 
the main housing. The method is described in GB2382 932 
and provides for the use of relatively large apertures in a PCB 
and its housing for passage of forced cooling air from one side 
of the board to the other side, thus to prevent the PCB acting 
as a total block to air flow from one side to the other and to 
improve the general airflow through the main housing. How 
ever, the method of GB 2 382 932 does not address the 
problem of the improvement of cooling of individual PCBs or 
individual components on such PCBs. 

SUMMARY 

It is an aim of the present invention to provide improved, or 
at least alternative electronic circuitry and an improved, or at 
least alternative, method of cooling electronic circuitry. 

Thus, in a first aspect of the invention there is provided 
electronic circuitry comprising a circuitboard and at least one 
component mounted on the circuit board, wherein the at least 
one component generates heat in use, and the circuit board 
includes at least one aperture aligned with the component or 
a respective one of the components. Preferably the electronic 
circuitry is configured to provide, in use, a path for coolant 
fluid to flow through the or each aperture and past the at least 
one component. 
The or each component may comprise a part that generates 

heat in use, and further parts that dissipate the heat to the 
Surface of the component. So, for instance, the part of an 
electrical current path through the component which has the 
highest electrical resistance and/or through which the highest 
electrical current flows in use may be the part of the compo 
nent that generates the most heat. Usually, other parts of the 
component, for instance, structural or protective parts, dissi 
pate the heat generated by the heat-generating parts. 
By providing at least one aperture aligned with a compo 

nent that generates heat in use, improved cooling of the elec 
tronic circuitry may be provided, as cooling effects can more 
efficiently be targeted at those parts of the circuitry that gen 
erate or dissipate heat. 
The or each aperture may be, but is not necessarily, posi 

tioned at that point or within that region of the circuit board 
that is a minimum distance from the component or a respec 
tive one of the components. 
The central axis of the or each aperture may be, but is not 

necessarily, perpendicular to the plane of the circuitboard and 
at least one component. Preferably the or each aperture is 
arranged such that a straight line extending out of the aperture 
along the central axis of the aperture would pass through the 
component with which the aperture is aligned. Preferably the 
or each aperture is arranged such that, in use, coolant fluid 
exits the aperture towards the component with which the 
aperture is aligned. 
A respective more than one aperture may be aligned with 

the or each heat-generating component. For the or each com 
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ponent, the number of apertures aligned with the component 
and their total cross-sectional area may be selected in depen 
dence upon the rate of heat generation by the component 
expected in use. 
The coolant fluid may be liquid or gas. The coolant fluid 

may be water. The coolant fluid may comprise a dielectric 
fluid, for example poly-alpha-olefin (PAO), or an inert gas, for 
instance nitrogen. Preferably the coolant fluid is air. In some 
circumstances, the coolant fluid may be Supplied from a pres 
Surized source, for instance a pressurized gas cylinder. 

Preferably the circuit board is a printed circuit board 
(PCB). 

Preferably the circuitry is configured such that in use the 
coolant fluid is in contact with the at least one component. 
Preferably the or each aperture is aligned with an area of the 
component that dissipates the most heat when in use. 
The component may comprise any type of electrical or 

electronic circuit or microcircuit or a combination thereof. 
The component may comprise semiconductor material 
together with Surrounding material and electrical contacts. 
The component may comprise, for instance, a chip. The com 
ponent may be a device that can be mounted individually on 
a circuit board using area array techniques, such as ball grid 
array (BGA), land grid array (LGA), pin grid array (PGA), 
stud bump array (SBA), or quad flat-no leads (QFN) array 
techniques. Preferably, the electronic circuitry is arranged so 
that in use the or each heat-generating component dissipates 
heat primarily through a side facing the circuit board. 

The electronic circuitry may comprise a plurality of com 
ponents that generate heat in use and a plurality of apertures, 
wherein each of the plurality of apertures is aligned with a 
respective one of the plurality of components. 

Thus, improved cooling may be provided to an array of 
components that generate heat in use. 

Preferably, the electronic circuitry comprises means for 
providing different relative flow rates of coolant through dif 
ferent ones of the apertures. 
At least some of the apertures may have different sizes. The 

apertures may have different diameters. Preferably the provi 
sion of apertures at least some of which have different sizes 
comprises partially restricting at least some of the apertures. 
Preferably, the size of each aperture is selected independence 
upon the expected rate of heat generation or dissipation of the 
component with which the aperture is aligned. 
The position of the or each aperture may be such as to 

provide, in use, greater flow of coolant fluid past the at least 
one component with which the or each aperture is aligned 
than past other parts of the electronic circuitry. 

So, for instance, greater flow of coolant fluid may be pro 
vided past components that generate heat in use than past 
regions of the circuit board between the components, or past 
components that generate substantially no heat in use, or that 
generate heat at less than a certain rate in use. Preferably, the 
electronic circuitry is arranged so that for each aperture, in 
use, coolant fluid flows past the component with which the 
aperture is aligned before other components. 

Preferably the at least one component is spaced apart from 
the circuit board by a desired spacing. Thus a flow path for the 
coolant fluid may be provided between the at least one com 
ponent and the circuit board. The desired spacing may be 
selected in order to provide, in use, a desired rate of coolant 
flow past the or each component and/or a desired cooling 
effect. 
The electronic circuitry may further comprise at least one 

spacer for spacing the at least one component apart from the 
circuit board by the desired spacing. 
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4 
The at least one spacer may comprise at least one electrical 

or mechanical connection between the at least one component 
and the circuit board. Preferably the at least one electrical or 
mechanical connection comprises solder. Electrical and 
mechanical connections, such as solder connections, which 
would anyway be required may have an additional function 
by also acting as spacers. Thus, there is provided a particu 
larly simple construction for the electrical circuitry. 
The shape of the circuit board may be adapted in order to 

provide the desired spacing in the region of the or each aper 
ture. Thus in the case, for example, where the dimensions of 
the electrical and mechanical connections do not correspond 
to the desired spacing, the desired spacing may be obtained by 
varying the shape of the circuitboard. Preferably the height or 
thickness of the printed circuit board varies in the region of 
the aperture. 
The respective desired spacing for the or each component 

may be selected in dependence upon the expected rate of heat 
generation of the component in use. 
The spacing between the at least one component and the 

circuit board may be between 0.1 mm and 5 mm, and prefer 
ably is between 0.5 mm and 1.0 mm. 
The diameter of the or each aperture may be between 0.1 

mm and 10 mm, preferably between 0.5 mm and 5 mm, and 
more preferably between 1 mm and 3 mm. 

Optionally the electronic circuitry further comprises 
means (for instance a shutter arrangement) for varying the 
size of the or each aperture. 
The position of the or each aperture may be such that, in 

use, coolant fluid passing through the aperture approaches the 
surface of the component with which the aperture is aligned 
from a perpendicular direction. 

Thereby a jet impingement effect may be provided such 
that, preferably, the coolant fluid breaks through a respective 
thermal boundary layer next to the or each at least one heat 
generating component. Such thermal boundary layers are 
stable layers of air or other fluid which may build up next to 
the or each component and which exhibit a temperature gra 
dient away from the component. The presence of Such ther 
mal boundary layers can reduce convective cooling effects. 
The electronic circuitry may further comprise at least one 

furtheraperture, and the at least one aperture and the at least 
one furtheraperture may be arranged so that coolant fluid can 
flow in through the at least one aperture and out through the at 
least one furtheraperture or vice versa. 
The or each at least one further aperture may be, for 

instance, an aperture in the circuit board or an aperture 
between components or an aperture between the circuit board 
and the at least one component. 

There may be a closed path between the aperture and the at 
least one further aperture. Preferably the electronic circuitry 
comprises sealing means around the or each said heat-gener 
ating component arranged so as to provide the closed path 
between the aperture and the at least one furtheraperture. The 
sealing means may comprise a layer or layers of Solder 
between the circuitboard and the or each said heat-generating 
component. The sealing means may be arranged to provide a 
closed-path type cooling circuit. In contrast, preferably seal 
ing means are not provided if an open-path type cooling 
circuit is provided. 
The electronic circuitry may include a heat exchange cir 

cuit comprising means for passing coolant fluid through theat 
least one aperture and past the at least one component. 
The heat exchange circuitry may include a pressure cham 

ber in communication with the aperture or at least one of the 
apertures. 



US 8,824,146 B2 
5 

Preferably each of the apertures is in communication with 
the pressure chamber. Preferably, in operation the coolant 
fluid passes from the pressure chamber, through the or each 
aperture and past the at least one component. Preferably the 
pressure chamber is arranged Such that, in use, the coolant 
fluid experiences a drop in pressure as it passes out of the 
pressure chamber, thus providing a further cooling effect. 

Preferably the apertures are sufficiently small that the pres 
Sure chamber provides fluid to the apertures at isostatic pres 
SUC. 

The heat exchange circuit may comprise a heat exchanger 
and may be arranged so that in use heat is passed from the at 
least one component to the coolant fluid and heat is Subse 
quently expelled from the coolant fluid at the heat exchanger. 
The heat exchange circuit may be a closed-loop heat 

exchange circuit. Thus, in operation the coolant fluid may be 
passed around the heat exchange circuit a plurality of times. 

Alternatively, the heat exchange circuit may be an open 
loop heat exchange circuit. In that case the heat exchange 
circuitry may not include a heat exchange unit or heat 
exchanger where heat can be transferred from the coolant 
fluid. Instead heat may be expelled merely by expulsion of the 
coolant fluid, for instance to ambient, after its passage past the 
at least one component. 
The electronic circuitry may comprise a structure located 

between the at least one component and the circuit board, 
arranged so as, in use, to increase heat transfer between a 
coolant fluid and the at least one component. 
The structure may be in conductive thermal contact with 

the at least one component and provide a surface area for 
exchange of heat from the at least one component to the 
coolant fluid. 

Thereby an increased Surface area for contact—and thus 
exchange of heat with the coolant fluid may be provided 
compared to the Surface area provided by the at least one 
component in the absence of the structure. The structure may 
comprise metallic material, and preferably comprises solder. 
The electronic circuitry may comprise an area array 

arrangement, preferably a ball grid array (BGA), a land grid 
array (LGA), a pin grid array (PGA), a stud bump array 
(SBA), or a quad flat-no leads (QFN) array. 
The electronic circuitry may comprise, for instance, server 

computers featuring multiple parallel CPUs on one PCB, or 
power amplifier circuits for, for instance, telecom base sta 
tions featuring a cascade of high power transistor circuits. 

In a further, independent aspect there is provided a method 
of producing electronic circuitry comprising providing a cir 
cuitboard, producing at least one aperture in the circuitboard, 
and mounting at least one component on the circuit board, 
wherein the at least one component dissipates heat in use and 
the or each aperture has a position on the circuit board Such 
that it or they are aligned with a respective one of the mounted 
components and Such that, in use, a path for coolant fluid to 
flow through the or each aperture and past the at least one 
component is provided. 
The step of producing the at least one aperture may com 

prise drilling or punching a hole or holes in the circuit board 
before mounting the at least one component. 

In the case where the electronic circuitry comprises a grid 
array arrangement preferably the positions of the holes are at 
the centre of the grid array. For instance in the case of a ball 
grid array (BGA) arrangement, preferably the position of the 
holes correspond to the central position of each BGA and 
preferably thus correspond to the positions of the heat gener 
ating components within each BGA. 
The step of mounting the at least one component may 

comprise positioning the at least one component on the circuit 
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6 
board and reflowing portions of solder in order to provide an 
electrical connection between the at least one component and 
the circuit board, and the portions of solder are such that after 
reflowing the portions of Solder provide a desired spacing 
between the circuit board and the at least one component. 
The method may further comprise producing a further 

aperture and providing at least one further portion of solder on 
the circuit board, and wherein the step of reflowing comprises 
reflowing the at least one further portion of solder, the at least 
one further portion of solder being positioned such that, after 
reflowing, it provides a barrier to coolant flow thereby to 
produce a closed path between at least one of the apertures 
and at least one of the furtherapertures. 

Preferably there is provided one or more of the following 
features: —a simple design, indiscriminate to geometry of the 
component to be cooled; a direct path from junction to coolant 
medium (for instance, air); the possibility to fine-tune cooling 
performance per componentifrequired, for instance to ensure 
temperature uniformity across a PCB; no need for special 
tooling or machinery; a high level of integration; compact 
ness; design flexibility. 

In the case, in particular, where the heat exchange circuit is 
an open loop heat exchange circuit and the coolant fluid is air, 
open loop air cooling is provided, which may provide better 
cooling performance than conventional cooling techniques, 
in a simple, easy-to-implement design that does not require 
costly materials or complex parts, and which therefore may 
be compact and low cost. 

Preferably there is no complex hardware on top of, or 
around the heat dissipating components. Preferably the only 
dedicated feature of the circuit board is a small hole under 
neath every heat-dissipating component. The coolant 
medium may be injected directly under the “hot spot” of a 
component, ensuring efficient heat transfer due to elimination 
of several thermal resistances. In the case of multiple heat 
dissipating components on one PCB, preferably a single pres 
Sure chamber acting as a manifold is provided. Fine-tuning of 
coolant flows may be established by restricting each aperture 
individually. If every component is identical, such individual 
restriction of apertures may not be required. Preferably, in the 
case of open loop air cooling, an aperture is provided under 
neath every heat-dissipating component and a simple pres 
Sure chamber/manifold is fed by a simple air pump. 
A cooling system may be provided which is compact in an 

area of a circuit board near densely packed, heat dissipating 
components. The other side of the circuit board may be left 
fully, or almost fully, available for additional, low-heat dissi 
pating electronic components. 

Preferably there is provided a method to directly “inject 
forced convection cooling at the bottom Surface of a semi 
conductor package, hence very close to the heat junction, thus 
significantly improving cooling performance without the 
need to assemble any cooling hardware to the top of the 
component and with little impact on PCB design. 

In a further, independent aspect of the invention there is 
provided a method of forcing a fluid (i.e. gas or liquid) flow 
through a small diameter hole (preferably 1 to 3 mm) in a 
printed circuit board located directly under a heat-dissipating 
component. Thus, heat can be transferred more efficiently 
from the component to the fluid than by means of conven 
tional forced convection. 
Any feature in one aspect of the invention may be applied 

to other aspects of the invention, in any appropriate combi 
nation. In particular, apparatus features may be applied to 
method features and vice versa. 
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BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

Embodiments of the invention will now be described, by 
way of example only, with reference to the accompanying 
drawings in which: 

FIG. 1 is a schematic illustration of known electronic cir 
cuitry in which a ball grid array (BGA) component is soldered 
onto a printed circuit board (PCB); 

FIG. 2 is a schematic illustration of a preferred embodi 
ment used for the cooling of BGA components; 

FIG. 3 is an illustration of coolant airflow between a BGA 
component and a PCB in the embodiment of FIG. 2; 

FIG. 4 is a schematic illustration of a variant of the pre 
ferred embodiment, which uses a closed loop cooling circuit; 

FIG. 5 is a schematic illustration of an alternative embodi 
ment, 

FIG. 6 is a schematic illustration of a further embodiment; 
FIG. 7 is a schematic illustration of another embodiment; 

and 
FIG. 8 is a schematic illustration of yet another embodi 

ment. 

DETAILED DESCRIPTION 

An example of known electronic circuitry in which a ball 
grid array (BGA) component 2 is soldered onto a printed 
circuit board (PCB) 4 is shown in FIG. 1. 
The component 2 comprises a semiconductor die 6 

attached to a rigidlaminate structure 8 by a die attach layer 10 
consisting of solder or conductive adhesive. The rigid lami 
nate structure 8 includes a bottom conducting layer 12, and 
the component 2 is attached to the printed circuit board 4 by 
solder connections 14, formed from eutectic solder balls, 
which attach conducting areas of the bottom conducting layer 
12 to corresponding conducting areas 15 of the printed circuit 
board 4. 

The rigid laminate structure 8 also includes a top conduct 
ing layer 16 formed using a solder mask. Bond wires 18 of 
gold or aluminium are used to provide electrical connections 
between the semiconductor die 6 and conducting areas of the 
top conducting layer 16. Electrical connection between those 
conducting areas of the top conducting layer 16 and corre 
sponding conducting areas of the bottom conducting layer 12 
is provided by conducting vias 20 which pass through the 
rigid laminate structure 8. 
The semiconductor die 6 is encased in an encapsulation 

layer 22 or mold compound, which is typically formed of an 
encapsulation resin. 

In operation, heat is generated primarily by the semicon 
ductor die 6. The two main paths for heat conduction away 
from the semiconductor die 6 are through the encapsulation 
layer 22 to the top surface of the component 2 or through the 
conducting wires 18, the top conducting layer 16, the con 
ducting vias 20, the bottom conducting layer 12, and the 
solder connections 14 to the printed circuit board 4. 
Known cooling methods for cooling the circuit board 4 and 

attached components shown in FIG. 1, require either a heat 
sink or active cooling device in contact with the top Surface of 
the encapsulation layer 22, or the use of convective cooling 
system passing a coolant fluid around the component 2 and 
circuit board 4. The effectiveness of the use of a heat sink or 
active cooling device is limited, for example, by the relatively 
high thermal resistance of the encapsulation layer. The effec 
tiveness of the use of a convective cooling system is limited 
by the relatively high thermal resistance (through the compo 
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8 
nent 2 and the printed circuitboard 4) and by the restriction of 
coolant flow rates around the component 2 and circuit board 
4 in a typical installation. 

Electronic circuitry according to the preferred embodiment 
is shown schematically in cross section in FIG. 2. The figure 
shows only two components 30 32 attached to a part of the 
printed circuit board 34, by way of illustration. In fact the 
electronic circuitry comprises an array of Such components 
positioned on further regions of the printed circuit board 
having the same structure as that part shown in FIG. 2. Each 
of the two components shown, and the other components 
which are not shown, has the same structure as the component 
2 shown in FIG. 1. The semiconductor dies 3638, the rigid 
laminate structures 40 42, and the solder connections 4446 of 
the components 30 32 are shown in FIG. 2. 
The printed circuit board 34 includes circular apertures 48 

50, each of which is located adjacent to and aligned with a 
respective one of the components 30 32. The apertures are 
formed by drilling holes during manufacture of the printed 
circuit board. In variants of the preferred embodiment the 
apertures are punched rather than drilled. In further variants, 
a plurality of apertures are provided aligned with each heat 
generating component. 
The apertures 4850 connect the space between the com 

ponents 3032 and the printed circuit board 34 with a pressure 
chamber 52 beneath the printed circuit board 34. A fan 54 or 
pump is located on the other side of the pressure chamber 52 
to the printed circuit board 34. A filter (not shown) associated 
with the fan 54 or pump is provided to stop pollution or dust 
particles passing into the pressure chamber 52 and to the 
printed circuitboard. The pressure chamber is integrated into 
a mechanical Support structure (not shown). 
The electronic circuitry has furtherapertures in the form of 

openings 56 at the sides of the space between the components 
30 32 and the printed circuit board, and in the form of an 
opening 58 between the components 30 32. 
The components 3032 and the printed circuit board 34 are 

spaced apart by a distance h. The Solder connections 4446 
function as spacers between the components 30 32 and the 
printed circuit board 34 to provide the spacing or standoff 
distance h. Thus, the components are assembled onto the 
printed circuit board 34 at a controlled standoff distanceh. In 
the case of the surface-mounted components shown in FIG.2 
(in this case ball grid arrays) the standoff distance is deter 
mined by the amount of solder used to make a reliable elec 
trical and mechanical connection. 

In the embodiment shown in FIG. 2, the apertures 4850 
have a diameter d. In the example shown in FIG. 2, the 
distance h is 0.75 mm and the diameter d is 2 mm. 

In operation, heat is generated primarily by the semicon 
ductor dies 3638. Operation of the fan 54 forces air into the 
pressure chamber 52. The air then passes from the pressure 
chamber through the apertures 4850 into the space between 
the components 3032 and the printed circuit board 34 and out 
through the openings 5658. The flow of air, in operation, is 
indicated in FIG. 2 by the solid arrows 60. It can be seen that 
the air approaches the components 30 32 in a direction per 
pendicular to the plane of the components 30 32 and printed 
circuit board 34. 
As the airpasses the components 3032 it absorbs heat from 

the components 3032. The air is expelled through the open 
ings 5658 and thus expels heat from the components 30 32. 
The air acts as a coolant fluid. 

In operation the pressure chamber 52 acts as a manifold and 
provides isostatic air pressure to the apertures 4850, as the 
apertures are of Small diameter. 
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By injecting the coolant fluid directly into the cavity 
between the components 3032 and the printed circuit board 
34 it is brought very close to the hot underside of the compo 
nents 30 32, thus bypassing several thermal resistances. 

Furthermore, the fact that the cooling fluid approaches the 
hot surface from a perpendicular direction causes a jet 
impingement effect. This increases the heat transferrate com 
pared to a tangent flow by locally breaking through the ther 
mal boundary layer at the Surface. 

In addition, in the case of area array components (such as 
the ball grid array components shown in FIG. 2), the large 
number of solder connections is directly exposed to the cool 
ant flow, promoting turbulence and increasing the heat 
exchanging Surface area, thus improving heat transfer even 
further. That feature is illustrated schematically in FIG. 3, 
which is a schematic top view of the solder connections 44 of 
one of the components 30. 
The areas of greatest coolant flow from the aperture 48 to 

the openings 5658 is shown in FIG.3 by the lines 70 for one 
instant in time. As the coolant flows from the aperture 48 to 
the openings 5658 further heat is transferred from the solder 
connections 44 and the laminate structure 40 to the coolant. 
The coolant used in the preferred embodiment is air, how 

ever other gases or liquids may be used as the coolant. 
The embodiment shown in FIG. 2 forms an open loop 

coolant fluid circuit, in which fresh (conditioned) air is used 
to cool the component and the resulting heated air is directly 
bled into the ambient environment. Thus, the system of FIG. 
1 is a one-way, open system in which the air used as coolant 
fluid is passed by the components a single time, and is not 
recirculated. 

In alternative embodiments, a closed system is used in 
which returning cooling fluid is cooled in an external heat 
exchanger. Examples of such embodiments comprise a mani 
fold and a distribution circuit to cycle coolant between the 
heat exchanger and the individual hot components. In 
examples of Such closed systems components are sealed 
around their perimeter to keep the coolant contained within 
the system. In particular, in the case where the system is a 
closed system and the coolant is a non-dielectric coolant, 
electrical connections must be outside the sealed perimeter in 
order to avoid short circuits. However, in embodiments in 
which dielectric or other liquids are used as the coolant, the 
sealing around the perimeter of components may not be 
strictly required, depending for instance on the Viscosity or 
other flow property of the liquid and the orientation of the 
system. 
An example of an alternative embodiment including a 

closed loop heat exchange circuit is shown schematically in 
FIG. 4. In this case a single component 80 is shown attached 
to a printed circuit board 82. The component 80 has the same 
structure as the component 2 shown in FIG. 1 and as the 
component 30 shown in FIG. 2. The semiconductor die 84. 
the encapsulation layer 86, the rigid laminate structure 88. 
and the solder connections 90 of the component are shown in 
FIG. 4. 
The printed circuit board includes an aperture 92 and a 

further aperture 94, each of which is connected by a respec 
tive conduit 9698 to heat exchange circuitry 100. The heat 
exchange circuitry 100 includes a heat exchanger 102, a 
manifold 104, and a pump (not shown). 
The aperture 92 and the further aperture 94 lead into a 

space 106 between the rigid laminate structure 88 of the 
component 80 and the printed circuit board 82. The space 106 
is bounded at the sides by a continuous solder joint 108, such 
that there is a closed path between the aperture 92 and the 
further aperture 94. The continuous solder joint 108 of the 
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10 
embodiment of FIG. 4 is formed simultaneously in one reflow 
step with the solder connections 90. 
The heat exchange circuitry 100, the conduits 9698, the 

apertures 92.94 and the space 106 form a closed loop heat 
exchange circuit. In an operating state, coolant fluid is present 
in the closed loop heat exchange circuit and is circulated to 
provide a cooling effect. 

In operation, heat is generated primarily by the semicon 
ductor die 84. Generated heat is conducted from the semicon 
ductor die through the encapsulation layer 86 to the top sur 
face of the encapsulation layer 84 or down through the 
component 80 to the bottom surface of the component 80 and 
through the solder connections 80 and solder joint 108. 

In operation the coolant fluid is circulated continuously 
and repeatedly, by operation of the pump, through the mani 
fold 104, through the conduit 96, in through the aperture 92. 
through the space 106, out through the further aperture 94. 
through the conduit 98, through the heat exchanger 102. 
through the pump and back through the manifold 104. 

Heat is transferred from the bottom surface of the compo 
nent 80, from the solderjoint 108, and from the printed circuit 
board 82 to the coolant fluid as the coolant fluid passes 
through the space 106. Subsequently, the heat is transferred 
from the coolant fluid to the heat exchanger 102 as the coolant 
fluid passes through the heat exchanger 102. The heat is 
subsequently transferred either directly or indirectly to ambi 
ent by the heat exchanger 102 using known heat exchange 
techniques. 

FIG. 4 in particular is a schematic diagram that is not drawn 
to scale and the relative dimensions of the various features, 
including the heat exchange circuitry, apertures and conduits, 
should not be inferred from FIG. 4. 
The cooling effect that is provided by the embodiments of 

FIGS. 2 and 4 depends, in part, on the relative size and 
location of the apertures and on the spacing h of the printed 
circuit board 34 or 82 and the component or components 30 
32 or 80. 

In the embodiments of FIGS. 2 and 4 the solder connec 
tions 44 or 90 between the components 30 32 or 80 and the 
printed circuit board 34 or 82 are of such dimension and 
composition as to provide simultaneously both desired 
mechanical and electrical and mechanical connection 
between the components 30 32 or 80 and the printed circuit 
board 34 or 82, and a desired spacing between the compo 
nents 3032 or 80 and the printed circuitboard 34 or 82. Thus, 
the assembly process for the embodiments of FIGS. 2 and 4 is 
particularly straightforward. 

In other embodiments, the dimensions of the solder con 
nections between the printed circuit board and the compo 
nents are required to have particular characteristics which 
means that the required thickness of the Solder connections is 
different from the desired spacing h of the printed circuit 
board and the components for cooling purposes. In certain 
such embodiments the shape of the printed circuit board is 
adapted to provide the desired spacing in the region of the 
aperture. An example of Such an embodiment is illustrated 
schematically in FIG. 5. 
The embodiment of FIG. 5 is similar to that of FIG.4, but 

the solder connections 110 and the solder joint 112 have a 
thickness which is less than the desired spacing h of the 
component 114 and the printed circuit board 116. In order to 
provide the desired spacing hin the region of the aperture 118, 
the thickness of the printed circuit board 116 is reduced in the 
region 122 between the aperture 118 and the furtheraperture 
120. 
A further difference between the embodiment of FIG. 5 

and that of FIG. 4 is that an additional structure 124 is 
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included on the surface of the component 114. The additional 
structure 124 acts to improve heat transfer from the compo 
nent 114 to the coolant fluid by channeling the coolant fluid 
flow and by increasing the Surface area in contact with the 
coolant fluid in operation. In the embodiment of FIG. 5, the 
additional structure 124 is formed of solder during the reflow 
step, but in variants of the embodiment other materials may be 
used. 

In further embodiments various other raised structures may 
be included on the printed circuit board or on the component 
in the region between the printed circuit board and the com 
ponent in order to improve heat transfer by channeling the 
coolant fluid flow and/or by increasing the Surface area in 
contact with the coolant fluid in operation. 

FIGS. 2 to 5 which have been used to illustrate the structure 
and operation of various embodiments have shown either one 
or two components mounted on a region of a printed circuit 
board, together with associated apertures. In fact in many 
embodiments a large number (for instance 100 to 1000) of 
components are mounted on the printed circuit board, each 
having an associated aperture. The cooling effects provided 
by the described embodiments are particularly useful in the 
case when a large number of heat-generating components are 
mounted on a single circuit board and/or when space is 
restricted making the use of conventional techniques particu 
larly disadvantageous. 
An example of a further embodiment directed to the cool 

ing of a large number of electronic components is illustrated 
schematically in FIG. 6. The embodiment includes an array 
128 of electronic components 130, and part of such an array 
128 is shown in FIG. 6 in a planar view, from the front. The 
electronic components 130 are mounted on a printed circuit 
board (not shown), with a spacing between the PCB and 
electronic components 130. An array of apertures 132 is 
provided in the PCB and the position of the apertures 132 is 
shown schematically in FIG. 6 by the dashed circles 132 (not 
drawn to Scale). 
The embodiment of FIG. 6 includes an open loop coolant 

fluid circuit such as that illustrated in FIG. 2. The circuit 
includes a pressure chamber located beneath the PCB, with a 
fan located on the far side of the pressure chamber from the 
PCB. In operation, air is passed into the pressure chamber by 
the fan, passes through the apertures 132 and passes by the 
electronic components 130 where it absorbs heat from the 
electronic components 130. The air leaves the apparatus 
through the spacing between the PCB and the array 128 of 
electronic components 130 at the sides of the array 128, as 
indicated by the dashed arrows 134. 

In an alternative embodiment, a closed loop cooling circuit 
such as that illustrated in FIG. 4 is used to cool an array of 
components such as that shown in FIG. 6. 

In further embodiments cooling systems such as those 
described above are used to cool other high-end electronic 
applications, for instance computing centres, multi-core pro 
cessing boards, or telecom base stations. 

Each of the embodiments is constructed using standard 
methods of construction of electronic circuitry. That includes 
in particular, but is not restricted to, electronic circuitry con 
structed using area array component techniques, such as Ball 
Grid Array (BGA), Land Grid Array (LGA), Pin Grid Array 
(PGA), Stud Bump Array (SBA), or Quad Flat-No Leads 
(QFN) techniques. 

In the embodiments described above, each aperture is the 
same size. In variants of the embodiments, such as indicated 
in FIG. 7, different sized apertures 748, 750 are provided in 
dependence upon the amount of heat which is expected to be 
generated in use by the respective component 30, 32 adjacent 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
to each aperture 748, 750 and/or in dependence upon the 
desired temperature of the component 30, 32. So, if a com 
ponent 32 is expected to generate more heat than average a 
larger than average aperture 750 is provided adjacent to that 
component 32, and if a component 30 is expected to generate 
less heat than average, a smaller than average aperture 748 is 
provided adjacent to that component 30. Thus, in use, a 
greater flow of coolant can be provided past those compo 
nents 32 expected to generate most heat, and a lesser flow of 
coolant can be provided past those components 30 expected 
to generate least heat. 

In one variant, the apertures are drilled to have different 
sizes. In another variant, the apertures are drilled to each be of 
the same size, and then various apertures are partially blocked 
in order to provide apertures of different sizes. In a further 
variant, as shown in FIG. 8, a respective shutter arrangement 
801, 802 is provided for each aperture 48,50 and the diameter 
of each aperture 48, 50 is selectively varied during use to 
immediately vary airflow 60 and thus cooling performance in 
dependence upon the operation and/or temperature of the 
associated heat-generating component 30, 32. That variant is 
particularly useful in the case where the electronic circuitry 
comprises a central processing unit (CPU), for which the 
amount of heat generated depends on the number of comput 
ing operations being performed and varies over time. 

In one variant, the apertures are drilled to have different 
sizes. In another variant, the apertures are drilled to each be of 
the same size, and then various apertures are partially blocked 
in order to provide apertures of different sizes. In a further 
variant, a respective shutter arrangement is provided for each 
aperture and the diameter of each aperture is selectively var 
ied during use to immediately vary airflow and thus cooling 
performance in dependence upon the operation and/or tem 
perature of the associated heat-generating component. That 
variant is particularly useful in the case where the electronic 
circuitry comprises a central processing unit (CPU), for 
which the amount of heat generated depends on the number of 
computing operations being performed and varies over time. 

In further variants, the respective spacing between each 
aperture and its associated heat-generating component is 
selected in dependence upon the heat that is expected to be 
generated by that component in use, and/or the desired tem 
perature of the component. Alternatively or additionally, a 
plurality of pressure chambers rather than a single pressure 
chamber are provided, each pressure chamber linked to a 
respective one or more apertures. The operating conditions of 
the pressure chambers may be selected in dependence upon 
the amount of heat to be generated in use by the associated 
components. Thus, other ways are provided to ensure that, in 
use, a greater flow of coolant can be provided past those 
components expected to generate most heat, and a lesser flow 
of coolant can be provided past those components expected to 
generate least heat. 

It will be understood that the present invention has been 
described above purely by way of example, and modifications 
of detail can be made within the scope of the invention. 

Each feature disclosed in the description, and (where 
appropriate) the claims and drawings may be provided inde 
pendently or in any appropriate combination. 
The invention claimed is: 
1. Electronic circuitry comprising: 
a circuit board and at least one component mounted on the 

circuitboard, the at least one component generating heat 
in use, 

the circuit board including at least one aperture aligned 
with the component or a respective one of the compo 
nents, and the electronic circuitry being configured to 
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provide, in use, a path for coolant fluid to flow through 
the at least one aperture and past the at least one com 
ponent, the electronic circuitry being characterized in 
that it further comprises at least one opening providing a 
path to an ambient environment, 

wherein the at least one aperture and the at least one open 
ing are arranged so that coolant fluid can flow in through 
the at least one aperture and out through the at least one 
opening thereby permitting the coolant to bleed into the 
ambient, and 

wherein a shutter is provided for the at least one aperture 
for varying a size of the at least one aperture. 

2. Electronic circuitry according to claim 1, comprising a 
plurality of components that generate heat in use and a plu 
rality of apertures, wherein each of the plurality of apertures 
is aligned with a respective one of the plurality of compo 
nents. 

3. Electronic circuitry according to claim 1, wherein the at 
least one aperture comprises a plurality of apertures and at 
least some of the apertures have different sizes, the size of 
each aperture selected in dependence upon the rate of heat 
generation in use expected for the respective component with 
which the aperture is aligned. 

4. Electronic circuitry according to claim 1, wherein the 
position of the at least one aperture is such as to provide, in 
use, greater flow of coolant fluid past the at least one compo 
nent with which the at least one aperture is aligned than past 
other parts of the electronic circuitry. 

5. Electronic circuitry according to claim 1, wherein the at 
least one component is spaced apart from the circuit board by 
a pre-determined spacing selected independence upon one or 
more of an expected rate ofheat generation of the component 
in use or a rate of coolant flow past the component. 

6. Electronic circuitry according to claim 1, further com 
prising at least one spacer for spacing the at least one com 
ponent apart from the circuit board by a pre-determined spac 
1ng. 

7. Electronic circuitry according to claim 6, wherein the at 
least one spacer comprises at least one electrical or mechani 
cal connection between the at least one component and the 
circuit board. 

8. Electronic circuitry according to claim 5, wherein a 
shape of the circuit board is shaped to provide a desired 
spacing in a region of the at least one aperture. 

9. Electronic circuitry according to claim 5, wherein the 
respective pre-determined spacing for the at least one com 
ponent is selected in dependence upon the expected rate of 
heat generation of the component in use. 

10. Electronic circuitry according to claim 5 wherein the 
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11. Electronic circuitry according to claim 1, wherein a 

diameter of the at least one aperture is between 0.1 mm and 10 
. 

12. Electronic circuitry according to claim 1, wherein the 
position of the at least one aperture is such that, in use, coolant 
fluid passing through the aperture approaches a surface of the 
component with which the at least one aperture is aligned 
from a perpendicular direction. 

13. Electronic circuitry according to claim 1, wherein the 
electronic circuitry comprises an area array arrangement for 
mounting the at least one component on the circuit board, 
Selected from a set consisting of a ball grid array (BGA), a 
land grid array (LGA), a pin grid array (PGA), a stud bump 
array (SBA), or a quad flat-no leads (QFN) array. 

14. Electronic circuitry according to claim 1, arranged so 
that in use the at least one heat-generating component dissi 
pates heat primarily through a side of the component facing 
the circuit board. 

15. A method of producing electronic circuitry comprising 
providing a circuit board, 
producing at least one aperture in the circuit board, 
providing a shutter for the at least one aperture for varying 

a size of the at least one aperture, 
producing at least one opening providing a path to an 

ambient environment, 
wherein the at least one aperture and the at least one open 

ing are arranged so that coolant fluid can flow in through 
the at least one aperture and out through the at least one 
opening and thereby permit the coolant to bleed into the 
ambient environment, and 

mounting at least one component on the circuit board, 
the at least one component generating heat in use and the at 

least one aperture having a position on the circuit board 
Such that each of the at least one apertures is aligned with 
a respective one of the mounted components and such 
that, in use, a path for coolant fluid to flow through the at 
least one aperture and past the at least one component is 
provided, 

wherein the step of mounting the at least one component 
comprises positioning the at least one component on the 
circuit board and reflowing portions of solder in order to 
provide an electrical connection between the at least one 
component and the circuit board, and the portions of 
solder are such that after reflowing the portions of solder 
provide a desired spacing between the circuit board and 
the at least one component. 

16. The method according to claim 15, wherein the step of 
producing the at least one aperture comprises drilling or 
punching at least a hole in the circuit board before mounting 

pre-determined spacing between the at least one component 50 the at least one component. 
and the circuit board is between 0.1 mm and 5 mm. ck ck ck k ck 


