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Abstract Development of electronics, which aims to improve the functionality of electronic devices, aims at increasing the packing of transistors
in a chip and boosting clock speed (the number of elementary operations
per second). While pursuing this objective, one encounters the growing
problem of thermal nature. Each switching of the logic state at the elementary level of an integrated circuit is associated with the generation of heat.
Due to a large number of transistors and high clock speeds, higher heat ﬂux
is emitted by the microprocessor to a level where the component needs to
be intensively cooled, or otherwise it will become overheated. This paper
presents the cooling of microelectronic components using microjets.
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Nomenclature
A
Ah
1

–
–

cross section area of microhole, m2
heater surface area, m2
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Ar
Ar,W

–
–

Cf
d
dn
h
H
L
N
Nud
P
Pr
Re
Red
ReL
Qheater
Qloss
s
Tin
Ts
u

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

ratio of the surface of microholes to the surface being cooled
modiﬁed ratio of the surface of microholes to the surface being
cooled
ﬂow resistance coeﬃcient
characteristic linear distance, m
diameter of one microhole, m
mean heat transfer coeﬃcient, W/m2 K
distance between the head and the surface being cooled, m
estimated wall jet length, m
number of microholes
Nusselt number
wetted perimeter of the cross-section, m
Prandtl number
Reynolds number
Reynolds number for a microhole
modiﬁed Reynolds number for the characteristic quantity L
heat ﬂux from the heater, W
ﬂux of heat losses to the environment, W
spacing between microholes in a line, m
refrigerant temperature, K
mean surface temperature, K
speed of gas in a microhole, m/s

Greek symbols
λ
ν

1

–
–

thermal conductivity, W/mK
gas kinematic viscosity coeﬃcient, m2 /s

Introduction

The number of information being processed and performance of electronic
devices have rapidly increased in recent decades. Eﬃciency improvements
and electronics downsizing lead to the issue of removing large ﬂuxes of heat
generated during operation [1,2]. Heat ﬂux densities from hot processors
are comparable to power density levels from a nuclear reactor core. As the
dimensions of electronic devices are consistently reduced, new cooling technologies for removing large heat ﬂux densities need to be sought for, or
existing ones should be developed. As a result, more eﬃcient heat removal
serves to keep component temperatures within an optimum range. Semiconductor components will work correctly if their temperature cannot exceed
the allowable limit (from 85 to 120 ◦ C, depending on the design) above
which the semiconductor will lose its properties [3].
The paper emphasizes the application of microjets for removing heat
from components that are brought up to high temperatures. The microjet
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technology attracts interest as it allows for removing very large heat ﬂuxes,
even for the case of electronics cooling. Undoubtedly, an advantage of such
cooling technology is also the ability to control the heat removal rate and
to adapt the cooling system footprint to the surface being cooled. The
technology consists in cooling the surface by targeting it with jets of ﬂuid
(liquid or gas), produced by a special head. The number of nozzles in the
head depends on its design and can be easily modiﬁed due to the ﬂexibility
of the head construction [4].
Two types of jets are used in engineering applications [5,6]. The ﬁrst
one is a submerged jet [7,8] which, in the process of cooling a component,
ﬂows into the environment having hydrodynamic properties similar to those
of the jet, e.g., a jet of air or other gas ﬂows into the air environment. The
other type is a free jet whose hydrodynamic properties are diﬀerent from
those of the environment, e.g., a liquid jet ﬂows into the air [6–8]. The
paper presents the results of research on the submerged jets.

2

Experimental research

Microjet cooling was performed in a test bench presented in Fig. 1 (described in [4]) with a processor on the main board replaced by a heating
element. The duralumin heating element dimensions of 4 cm×4 cm matched
those of the processor. The heater was made of a resistance wire with Inconel sheath of 1 mm in diameter (resistance of 14.6 Ω). Two K-type sheath
thermocouples (0.5 mm in diameter) were placed in the centre of the heater
covers, one in the upper and one in the lower cover. The test bench instrumentation could measure on a continuous basis the temperatures of
the upper and lower surfaces and the power generated by the heater, by
measuring the DC voltage and current in the power supply (model NDN
DF1730SL10A). The signal from the thermocouples was sent to a measuring card, displayed and recorded in a PC. National Instruments analog-todigital converters (NI 9213, the LabView software) were used for recording
temperature trends. A head that produced microjets was placed above the
heating element. The alignment of microslots in the microjet head under
study is shown in Fig. 2. The head was supplied with air, while the air pressure and ﬂow rate were controlled. A micrometer screw was used to change
the distance between the head and the heating element. The heat transfer
eﬀectiveness was measured at the following distances: 2, 5, 10, 15, 20, and
25 mm. At each distance, a series of measurements was performed at diﬀer-
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Figure 1: Scheme of the laboratory stand: 1 – compressor, 2 – compressed air tank, 3 –
reducer, 4 – ﬂowmeter, 5 – head with microholes, 6 – heater, 7 – micrometer
screw, 8 – AC, 9 – measurement card, 10 – power supply PC computer.

Figure 2: Alignment of microholes in the head used in the bench tests (300 rectangular
holes, 0.06×0.04 mm.)

ent, set discharge pressures of air ﬂowing from the head. The following pressures were set: 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 MPa. A change in the pressure
was automatically followed by a change in the air ﬂow rate which during the
tests fell within the following range: 1 dm3 /min < Qv < 4.7 dm3 /min. At
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the beginning of the test, a proper distance and discharge pressure were set.
Then, at the same time, the power supply was turned on and a temperature
recording program was started. The results were recorded at the frequency
of 50 Hz. The duration of a single test was 500 s and was accepted upon
analyzing a graph displayed on the computer screen. The graph showed
the change in board temperature and reaching the steady state by the system. In the steady state, the temperatures of the lower and upper surfaces
of the board stabilized at a certain level, depending on the ﬂow rate and
the distance; the lower the temperatures, the more eﬃcient cooling of the
component subject to heating. Reaching the steady state was necessary for
obtaining a constant value of the heat transfer coeﬃcient.
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Figure 3: Surface temperature of the heating element depending on heat ﬂux.

Figure 3 shows the test results as measured temperatures of the surface
cooled with microjets and of that uncooled, at various heat ﬂuxes produced
by the heating element, at the pressure of air supplied to the microjet head
of 0.6 MPa, air ﬂow rate 4.7 dm3 /min and distance from the nozzle 15 mm.
For determining the ﬂux of heat transferred to the microjets, the diﬀerence
was calculated between the total heater power and the power taken from
the calibration diagram as a function of the heater’s lower temperature
measured; the methodology was presented in [4]. Due to a relatively low
head supply pressure of less than 0.6 MPa, the Joule-Thomson eﬀect was
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neglected. Based on equation
Qheater − Qloss = h Ah (Ts − Tin ) .

(1)

a mean heat transfer coeﬃcient can be determined. Then, the Nusselt
similarity number was calculated based on the tests, from formula
Nudexp =

hd
.
λ

(2)

The test results were compared with those obtained by using correlations
from the literature [10–13] relating to microjets. A number of correlating
equations were proposed based on the theory of similarity. These equations
can be directly used to calculate the mean Nusselt number of dimension one
which indirectly facilitates the calculation of the heat transfer coeﬃcient.
They include the relations of certain quantities that are characteristic of
a given phenomenon. Thus, a parameter characteristic of microjet cooling
may be the ratio H/dn , where H is the distance between the surface heated
and the microjet head, and dn is the diameter of one microhole. In this
paper, correlations proposed by Meola [10,13] and Womac [12] were used
for calculations.
The correlation given by Meola in [10] has the form
Nud = 0.3 Pr0.42 Re0,68
Cf0.56
d



H
dn

−0.3

A0.15
,
r

(3)

where Cf is the oriﬁce ﬂow coeﬃcient. This correlation is valid in the range
200 < Red < 100.000, 1.6 < H/dn < 20, and 0.0008 < Ar < 0.2.
Womac [12] divided the heat transfer domain into impingement and
wall-jet regions for correlation. The impingement region was taken to be
that part of the surface directly inﬂuenced by the potential core of the jets,
which extends to a radius of 1.9d, while the wall-jet region was taken to be
that part of the surface, which was primarily subjected to radial wall jet
ﬂow:
0.8
Nud = 0.509 Pr 0.4 Re0,5
d Ar,W + 0.0363 ReL

dn
(1 − Ar,W ) ,
L

(4)

where modiﬁed ratio of the surface of microholes to the surface being cooled:
Ar,W =

N π (1.9 dn )2
.
L2

(5)
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The modiﬁed characteristic quantity is
√ s
 

2 2 − 1.9 dn + 2s − 1.9 dn
L=
.
2

(6)

In all the correlating equations there is the Reynolds number for the nozzle
Red , given by the formula
u dn
.
(7)
Red =
ν
Diameter for non-circular cross-sections was calculated from hydraulic diameter deﬁnition
4A
dn =
.
(8)
P
The comparison of Nusselt numbers obtained by experiment and from the
Meola’s and Womac’s correlation is shown in Figs. 4 and 5, respectively.

+25
%

-25%

Figure 4: Comparison of the prediction by Meola with the experimental data.

3

Summary and conclusions

The comparison between the experimental data and those obtained from
the correlating equations indicates that the prediction based on Womac’s
correlation (4) deviates from the test results. It is the Meola’s correlation,
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Figure 5: Comparison of the prediction by Womac with the experimental data.

given by Eq. (3), that produced the best results which are close to those
obtained by experiment. The results obtained for the distances of 15 mm
and 20 mm fall within the acceptable range of consistence between the
equation and the experiment; it is for these distances that the correlation
can be assumed correct. All the correlations predict the increase in the
mean heat transfer coeﬃcient with decreasing distance at a constant pressure, which was not observed during the tests [4]. The largest quantity of
heat removed with this microjet head set-up was obtained at the already
mentioned distance of 15 mm.
Received 9 November 2015
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