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NOMENCLATURE

D orifice diameter of air atomizing nozzle, m
h nozzle orifice to target surfacé distance, m
Ip drain current, A

m local liquid flow rate, kg/m?- s

M total liquid flow rate, kg/s

Py power dissipation, W

p pressure, Pa

Po stagnation point pressure, N/m?

q”  heat flux, W/m?

r radial position, m

Rpsny On-resistance of the MOSFET, Q

Ry thermal resistance, °C/W

Re;  Reynolds number, Re;=U,* 8/ p

T temperature, K or °C

u liquid local velocity, m/s

U, liqu'id velocity at film free surface, m/s
average droplet velocity, m/s

\%
V. air jet velocity, m/s

w velocity in z direction, m/s

Greek Symbols

a droplet attack angle, cosa = h / (r2+h?)"
0 film thickness, m

p liquid density, kg/m?

M dynamic viscosity, N-s/m?

)
»

surface shear force at the liquid-air interface, N/m?

vi




Subscripts
a air
c case

crit  critical

j junction
1 liquid
m average

sat saturation

vii




1. INTRODUCTION

The future of superconducting and low temperature MOS (metal-oxide semiconductor)
electronics holds a great deal of promise. In some cases, the reductions in device sizes and the
increased efficiency for liquid nitrogen temperature (LNT) operation may outweigh the cost. The
most immediate applications will be in situations where a cryogenic liquid is readily available. In
that case, the cryogen can be used as the heat transfer fluid and the size and weight of the onboard
electronics can be reduced by an order of magnitude. However, the successful application of
cryogenic cooling to electronics requires that the appropriate heat transfer characteristics be known.
This is the main objective of this study.

The primary thermal management techniques for low temperature operation are: spray
cooling, pool boiling (immersion cooling), forced convection boiling (or flow boiling), and jet
impingement cooling. This report which is the final annual report for the contract F33615-91-C-
2152 focusses on spray cooling and thermal management issues in cooling of power MOSFETs.

Spray cooling was chosen because of its capability in removing large quantities of heat at
very low liquid flow rates. Experiments have been conducted for various spray cooling conditions
using liquid nitrogen. The results of the experiments, and semi-empirical correlations for the heat
transfer coefficient and critical heat flux, have been presented in previous annual reports for the
contract [1-4]. Recently, new models for the estimation of the liquid film thickness in spray cooling
were developed. Estimation of the film thickness is an important aspect of spray cooling analysis.
The models for predicting film thickness produced by pressure atomizing nozzles and air atomizing
nozzles are presented in this report.

The general issues concerning thermal management of cryo-electronics are also discussed
in this report. The advantages of operating power MOSFETs at low temperatures are demonstrated
through a numerical study. In addition, a comparison of the impact of different cooling techniques

on MOSFET performance is presented.




2. OBJECTIVES

The overall objective of this study is to obtain information on the heat transfer characteristics
under conditions 'of cryogenic cooling in various modes. Also, the suitability of these heat transfer
modes to aerospace applications has to be evaluated. Due to the lack of suitable design
correlations/models, experimental studies have to be undertaken to evaluate the heat transfer
characteristics of liquid nitrogen under: pool boiling in complex geometries, spray cooling, forced
convection boiling, and jet impingement. This would be followed by the development of design
correlations for these modes of cooling. Finally, the applicability of these techniques to electronic

cooling has to be demonstrated.




3. BACKGROUND

The electronic systems envisaged for operation at LNT fall into two categories. First, the
superconducting circuits composed of high temperature superconducting (HTS) devices (switches,
capacitors, inductors, etc.), and second, the hybrid circuits which contain both HTS and
semiconductor devices. There are numerous applications for both types of circuits. These two

configurations and their applications are discussed in the following sections.

: tuctine Circui

Superconducting circuits will consist of HTS devices (logic gates, inverters, memory cells,
etc.) with superconducting interconnects [5]. Almost all of the functions performed in high
performance electronics can be done by a supe;conductor circuit [6]. However, superconductor
circuits cannot handle high power levels; also, there are no superconducting rectifiers, and
semiconductors make better amplifiers and mass memory devices. The main applications of HTS
circuits will be

o High speed digital logic and memory: gate speeds under 10 ps are easily achievable

using Josephson junctions [5,6] thus allowing the development of faster
supercomputers,
[ Far infrared/high frequency radar detection: with circuits employing Josephson
junction device mixers, very-low-noise high-frequency detection (over 100 GHz) is
possible with the only limitation being the Heisenberg uncertainty principle [5,7,8];

® Magnetic field sensors: very sensitive magnetometers and voltmeters made using
SQUIDs (superconducting quantum interference devices) have application in
magnetic field geophysical exploration and biomagnetic studies of the human body;
and

o Superconducting-coil magnets and motors: superconducting-brushless-ac motors can

be used in various applications.




ctor/Semicond brid Cireu

MOS semiconductor devices show a marked improvement in performance as the operating
temperature is lowered [6,9,10]. Furthermore, the thermal conductivities of semiconductor substrates
and packaging materials (silicon, germanium, beryllium, alumina) are seen to increase dramatically
as the temperature is lowered to LNT [11]. The main advantages of low temperature operation are:
increased electron and hole mobilities, lowered interconnection resistivities, reduced leakage
currents, greater subthreshold slope, and reduction in thermal noise. One of the possible applications
of low temperature electronics will be in the area of high efficiency ac/dc, dc/ac and RF power
conversion at the multikilowatt level. As mentioned earlier, superconducting circuits are not capable
of handling high power levels. Hence, MOS field effect transistors (MOSFETs) can be used in
combination with high Q inductors and capacitors made from HTSs to obtain the zero voltage
switching circuits suitable for power conversion applications [10]. Such an integration will result
in a drastic size and weight reduction. The efficiency of these circuits improves greatly at low
temperatures due to the dramatic reduction in the on-resistance of power MOSFETs. However, the
efficiency of these circuits depends greatly on the Q values of the inductors and capacitors used in
the circuit. Hence, it is necessary to use HTSs for these components to obtain the maximum
efficiency. Another application of hybrid circuits is the high-frequency receiver-signal processor [6].
Here, the devices best suited for each component of the circuit are used. Thus, a combination of
superconductor and semiconductor devices provides a high performance circuit. In industry and
transportation, the HTS ac motors employing MOSFET controllers have variety of applications. The
HTS-ac motors have been successfully tested recently and will be commercially available in the near
future [12]. At the same time, locomotive engines using natural gas (stored at 110 K in liquid form)
have been developed [13]. These two can be combined, with the liquefied natural gas acting as the
coolant for the HTS motor and MOSFET switches, to produce a highly efficient and clean

locomotive engine.

3.3 Thermal Management Issues

A cursory examination of heat transfer requirements in superconducting circuits may lead

one to believe that due to the very nature of superconductivity heat dissipation would not be a




problem. However, a closer examination reveals how ill-founded that notion is. The main
components in a superconducting circuit are the high-speed low-power switches, the Josephson
junctions (also called Superconductor-Insulator-Superconductor devices, SISs) [6,8]. The main
advantages of these devices are the low gate delay times and low power dissipation; these features
in combination will allow much higher device packing density compared to semiconductor circuits.
However, the thermal management aspect of superconducting circuits at LNT has been of concern
lately. A typical SIS working at 4.2 K has a power dissipation of 50 kW/m?, however, for operation
at 77 K, the same device may have a heat dissipation approaching 6000 kW/m? [14]. Obviously, this
level of heat dissipation cannot be handled by common heat removal techniques. Hence, there are
two options available for the thermal management of HTS circuits:

1. Immersion cooling (pool boiling) in liquid nitrogen (LN,) with low device density

packaging employing heat spreaders; and

2. High heat flux cooling with LN,.

The first option cannot be expected to handle device heat dissipation above 500 kW/m?. This
is because the pool boiling critical heat flux for LN, is only about 160 kW/m? (calculated using
Zuber model [15]). Hence, even with good heat spreaders, the overall device dissipation could not
be expected to be more than 2-3 times this amount. Thus, immersion cooling will mean larger, and
thereby slower, devices. This may not be a concern in some applications. However, for high speed
digital applications, device sizes have to be kept as small as possible in order to minimize the
distance travelled by the signal. In those cases the second option of using a high heat flux cooling
technique would be much more preferable.

A superconductor/semiconductor hybrid circuits is inherently more prone to thermal failure
due to the presence of high heat dissipation transistors in the vicinity of superconducting elements.
It is not possible to thermally isolate the superconductor and semiconductor elements because the
interconnections themselves serve as thermal bridges. The successful operation of a hybrid circuits
depends on the ability of the cooling system to maintain the superconducting elements below their
transition temperature. Hence, it is essential that the cooling system is capable of removing high heat
fluxes from discrete locations (MOSFETs) to prevent any hot spots and the resultant system failure.

Again, in this case, the choices are similar to the ones mentioned before.
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Thus, the thermal management scenario in low temperature electronics consists of either
using direct immersion pool boiling with heat spreaders, or, a high heat flux cooling technique. For
the high heat flux situation, spray cooling is the technique which is of most interest becausé of its
low liquid flow rate requirements. Low temperature spray cooling consists of subjecting the heat
sources with a high speed spray of low temperature liquid. The two thermal management scenarios
described above are shown in Figure 3.1. As shown in the figure, both scenarios require a
refrigerator/condenser unless the low temperature liquid is available in abundance (as in the case
of stored liquefied fuel). The spray cooling scenario will also require a pump for cases where a high
pressure liquid is unavailable.

The main concern regarding these techniques is the lack of information about the heat
transfer characteristics of cryogens under the particular conditions described above. Liquid nitrogen
was selected as the cryogen for the heat transfer studies due to its suitability for both HTS and MOS
devices. The heat transfer characteristics of spray cooling with liquid nitrogen were not available.
Also, no general correlations were available for spray cooling. Thus, the spray cooling part of this
study dealt with determining the heat transfer characteristics and obtaining suitable correlations. As
mentioned earlier, the experimental data and correlations have already been presented in previous
reports [1-4]. In Section 4 of this report, new models are presented for estimating the liquid film
thickness, and important aspect of spray cooling analysis. In case of pool boiling, the previously
available correlations dealt with simple situations only (e.g., single heater in an unconfined pool of
liquid nitrogen). However, the conditions in electronic cooling are far more complex due to the
interaction of various heaters and lack of space. Thus, the pool boiling part of this study dealt with
the effects of multiple heat sources and confined space. The results of that investigation and the
resulting predictive correlations were presented in the previous resports [3,4]. In Section 5, the
influence of operating temperature on the drain current and power dissipation characteristics of
power MOSFETs is examined using numerical analysis. In addition, the influence of two different

cooling techniques, immersion cooling and spray cooling, is also examined.




4. FILM THICKNESS IN SPRAY COOLING

Spray cooling is the method of using small-size, high-velocity droplets impinging on a
heated surface to remove the heat (Figure 4.1). Spray cooling can be divided into two categories
based on the method of spray generation. A pressure atomizing nozzle can be used to atomize the
liquid using the pressure difference across the nozzle, or, a high-velocity gas stream can be used to
break up a liquid jet into a spray. In recent years significant research has been conducted on the heat
transfer characteristics of spray cooling [16 - 19]. It has been shown that spray cooling can achieve
high critical heat fluxes ( >10" W/n? with water on a 1 ém heater) and high heat transfer
coefTicients (can be as high as 3x10° w/m?°C with water)[17 -19]. Compared with jet impingement,

spray cooling requires less amount of liquid to achieve similar heat transfer coefficient [20].

| Obiectives of this Stud

Up to the present, relatively little is known about the heat transfer process in spray cooling.
Among the important mechanisms involved in spray cooling, film flow on the heated surface is one
of the most important ones. Better understanding of the film flow in spray cooling will help in
estimating the convective heat transfer, incipience of boiling in the film, the phase change heat
transfer and the CHF (critical heat flux). |

Because of the different atomizing methods used and the different flow fields near the heated
surface, the film flows produced by sprays generated by air atomizing nozzles and pressure
atomizing nozzles are different. In the present work, the film thickness produced by pressure
atomizing nozzles and air atomizing nozzles are studied experimentally and theoretically. The point
gauge method is used to measure the film thickness and numerical and analytical methods are used
in the modeling of the film flow. Since liquid nitrogen is a dielectric liquid, it is not possible to
employ this method of film thickness measurement for liquid nitrogen sprays. Hence, this study is

conducted with water, but the results can be extended to any liquid.

12 Li Revi
Yang et al. [21] measured the film thickness of an air atomizing nozzle using the Fresnel

diffraction method. The advantage of this method is that it is a non-invasive method. The film
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thickness was measured by the change in the line of sight using a laser beam. Time average was
used in the final measured film thickness. The experiments were carried out on a 10x10 mm glass
surface with an air atomizing nozzle situated 11 mm above. They showed that with a fixed air
pressure, the film thickness is very sensitive to the liquid flow rate, the film thickness changes from
85415 pm at 1 liter/hr to 235+75 pm at 4 liters/h when the air pressure is at 138 kPa (20 psig).
Unfortunately no results were shown for the film thickness at air pressures other than 138 kPa. The
air velocity which depends on the air inlet pressure could be one of the dominant factors that affects
the film thickness of the air atomizing nozzles. In the same paper, Yang et al. also measured the
topography of the water film using a holographic technique. In their experiment, a laser beam was
split into two beams and one of them was made to pass through the liquid film. Focusing these two
beams together results in an interference pattern. By recording and measuring the distance between
the fringes, the topography of the film can be obtained. Results showed that the overall change in

flatness is only about 1 um, which is negligible compared with the measured film thickness .

Therefore, the authors concluded that the liquid film produced by air atomizing nozzles is flat.

Yang et al. [22] used an analytical model to analyze the film thickness produced by air




atomizing nozzles. They assumed a laminar film flow and used the stagnation flow pressure gradient
of the air flow field in their model. The liquid film thickness prediction agrees well with their
experimental data.

Siwon [23] also measured the film thickness produced by an air atomizing nozzle. The
method used was a flush-mounted conductive probe. The author measured the thickness of the entire
film from the stagnation point to the point where the hydraulic jump occurs. The results indicate that
the film thickness was usually less than 10* m. Reaching the lowest value at the impinging point,
the film thickness grows visibly in the stagnation area but thereafter remains constant up to the
hydraulic jump. The experiments were conducted with different liquids and air flow rates as well
as different nozzle heights. Unfortunately the author did not provide the geometry of the nozzles and
no information can be obtained for the air speed, which makes the comparison of the results very
difficult. The author also compared the film thickness of water jet and spray for approximately the
same water flow rate. The results show the film thickness produced by air atomizing nozzles is up
to one order of magnitude lower than that of a liquid jet.

Tilton [18] measured the film thickness produced by pressure atomizing nozzles. He
measured the film thickness after the hydraulic jump and calculated the film thickness before the
jump using the hydraulic jump theory. The results indicate that the film thickness varies from 130
um to 340 pum for the five nozzles used, with the liquid flow rate varying from 4.5 to 7.5 cc/s. The
film thickness does not change significantly with the different nozzle orifices, especially at the lower
liquid flow rates. However this method may not be accurate in predicting the film thickness in the
spray core because the hydraulic jump occurs some distance away from the spray core and the film

thickness may change within that distance.

' 3 Experiment Descrinti

4.3.1 Point Gauge Method

Needle probes have been used to measurev the film thickness in the past [18,24]. This method
uses a needle probe, a conductive surface and a precise micrometer to measure the distance between
the brobe and the conductive surface (Figure 4.2). The film thickness is determined by measuring
the electrical resistivity between the needle probe and the conductive surface. The advantage of this

10




method is that it is simple and direct. When the liquid surface is stable, the accuracy mainly depends
on the micrometer, which can be very precise. One of the concerns in using this method to measure
the film thickness in the spray core is that since the entire surface is being bombarded by the
droplets, the presence of the needle probe may interfere with the integrity of the flow field. But,
since the liquid is flowing outward in the radial direction in the spray core, the probe only interferes
with the flow in the region behind it. By selecting the smallest possible probe diameter and setting
the probe along the radial direction with an angle to the surface the interference of the probe for the
area ahead of it can be reduced.

Previous measurements of the film thickness have been based on the sudden and significant
change in resistance as the probe leaves or touches the liquid surface. Unfortunately, when
measuring the film thickness produced by a pressure atomizing nozzle, this sudden change in

resistance does not occur in the spray core. Figure 4.3 shows a typical signal when the probe tip is

Spray Needle
. nozzle Probe .
Micro- Resister Filt
meter k Hier Oscilloscope

_

DC Power Supply Data Acquisition System

Figure 4.2 Experimental Set-up
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Figure 4.3 Typical Signal
near the film surface. The y axis is the current in the circuit that reflects the resistance of water
between the needle tip and the surface. This signal form maintains the same characteristics and no
abrupt resistance change can be observed as the probe moves up and down in the spray core. The
reason is that the film in the spray core has a wavy surface that yields oscillating signals near the
surface. Also, since the needle is constantly hit by the droplets in the spray core, even when the tip
is already above the liquid surface there will still be liquid dripping down at the needle tip which
provides a conductive path (see Fig. 4.4). Instead of a conspicuous resistance change at the liquid
surface, this dripping liquid makes the resistance change gradually with the distance between the
needle tip and the surface. However, the rate of resistance change will be different when the needle
tip is at different positions (in the film, near the wavy film surface and above the film surface) due
to the different conductive paths. The diﬁ'erence of resistance change rates is more repeatable when |
the time average of the signal is used. Figure 4.5 is a typical current-distance curve measured in the

experiments using a pressure atomizing nozzle. The X-axis is the distance between the needle tip
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Figure 4.4 Conductive Path at the Needle Tip
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Figure 4.5 Method of Locating Film Surface
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and the surface. The Y-axis is the current in the circuit shown in Figure 4.2. Time average is used
for the current. At both ends of the curves there are always two linear sections with different slopes.
These are the sections when the needle tip is in and out of the film. The middle point of the mid
section ( point A in Fig. 4.5) gives the average position of the film surface.

The signals are much simpler for the air atomizing nozzle. The high velocity air blows away
the dripping liquid at the needle tip and at the same time the film surface is more stable and flat as
compared to the pressure atomizing nozzle because of the finer droplets and the favorable pressure
gradient and the surface shear force caused by the air flow. In this case, the signal when the needle
tip touches the film surface is as clear and strong as when measuring a stable film without the

presences of droplets or air flow.

4.3.2 Electrolysis Property of Water

The voltage corresponding to the Gibbs free energy of water at room temperature is about
1.22 V [25]. Water molecules will dissociate if the voltage across the two electrodes is larger than
this voltage. Preliminary measurements showed that if thé voltage drop on the water is less than 1.22
V, the signal is too weak and the relation between the resistance and the distance between the
electrodes cannot be used reliably to measure the film thickness. If the voltage on the water film is
higher than 1.22 V, ions begin to be generated and the resistance changes significantly with the
distance between electrodes in the flowing water film. This is the property needed in the film
thickness measurement.

The resistance also changes with the velocity of water for a fixed inter-electrode distance
when using a high voltage. This is because more ions will be washed away when the water velocity
is higher. This makes the resistance increase with water velocity when the ions form the main
conductive medium. This phenomenon prevented us from using the calibrated resistance-distance
table to measure the film thickness. However it is not a problem if we use the method described

earlier to find the film thickness.
4.3.3 Experiment Set-up and Procedure
The schematic diagram of the experiment set-up is presented in Figure 4.2. The surface on

which film thickness is measured is the polished flat end of a stainless steel cylinder with a diameter
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6f 62 mm. The surface has a mirror finish which reduces the effect of surface roughness on the film
flow. The cylinder sits on an adjustable platform to keep it horizontal. This platform is attached
firmly to a micrometer which has a resolution of 2 pm. The probe is made of a stainless steel heedle
covered with dielectric paint. Only the tip of the needle is exposed. The needle is attached to a firm
stand and is set at an angle of 45° with respect to the horizontal surface. Before each experiment,
the surface is cleaned and adjusted to ensure it is in a horizontal position.

When measuring the film thickness produced by pressure atomizing nozzles, for each fest
run, the cylinder is first moved upwards until the needle tip touches the solid surface. This point is
set to zero. Then the surface is moved down in 5-um increments. The increments are increased to
10 pm when the needle tip is 75 pm away from the surface. The time-averaged voltage on the
resistor is recorded at every step. The current versus distance between the needle tip and the surface
is then plotted. The method described earlier (Figure 4.5) is then used to determine the film
thickness. Because of the reasons discussed in Section 4.3.2, a stabilized 5 V DC power supply and
a 120 K resistor are used to form the circuit. The actual voltage drop on water is around 3.2 ~5 V.
The voltage output on the resistor is connected to an adjustable low-pass filter. The filtered signals
are measured by the data acquisition system and monitored by an oscilloscope at the same time.
Because the film has a wavy surface and the resistance changes with the velocity, the current in the
circuit oscillates violently when the needle tip is near the film surface (see Fig. 4.3). The data
acquisition system with a maximum data acquisition speed of 50 kHz cannot provide enough
resolution for the signal. Hence, a low-pass filter is used to eliminate the high frequencies in the
signal and the data acquisition system is then used to measure the time average of the voltage output.

The surface tension does not affect the film thickness measurement in this case because the
liquid film is flowing. This is proven by the identical results when the film thickness is measured
by moving the surface upwards (reversed direction compared with the way described above).

 An adjustable speed gear pump is used to pump the liquid at a stable flow rate and liquid
pressure. The liquid flow rate is measured with a calibrated orifice meter and pressure transducer
combination.

For the air atomizing nozzle, the same procedure is followed to get the zero point at which
the needle tip touches the metal surface. Then the cylinder is moved down until the signal shows the

contact between the needle tip and the liquid surface is missing. Since the film surface is still wavy,
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an average is taken between the film thickness when needle tip begins to leave the surface and the
thickness when the needle tip completely leaves the film. Usually this difference was less than 10
um. Because of the high speed air flow, the surface tension also has little effect on the film thickness
results even though the liquid speed is lower in this case. This is also proven by the identical results
when the film thickness is measured by moving the surface upwards (reversed direction compared
with the way described above). The measurement procedures described in this section are carried
out for different combinations of nozzles, liquid flow rates and air pressufes (for air atomizing
nozzle).

The droplet speed is measured using a Phase Doppler Particle Analyzer (PDPA). The PDPA
system is also used to measure the liquid flow rate distribution of the air atomizing nozzle. The mass
flow rate distribution in the spray core of the pressure atomizing nozzle is measured by a small
orifice collector, because the PDPA system cannot give reliable results for high droplet density
sprays containing large droplets. The air speed of the air atomizing nozzle is measureci by a pitot

tube. City water at room temperature is used in all the experiments.

Resul 1 Di .

4.4.1 Results for the Pressure Atomizing Nozzle

Two nozzles, TG4 and TG6 (from Spray Systems, Inc.), with orifice diameters 0.559 mm
and 0.686 mm respectively, were used in the experiments. The spray characteristics are listed in
Table 4.1. The velocity is generally uniform across the spray core. So only the mean velocity is
listed in Table 4.1. The mass flow rate distribution varies dramatically between the two nozzles.
Figure 4.6 shows the mass flow rate distributions of TG4 and TG6 along one radial direction at 276
kPa (40 psig). Since only the distribution is of concern, the Y-axis is plotted in a relative scale. As
the measurements show, the shapes of distribution curves are similar. The liquid flow rate is low

near the center of the core and most of the liquid flow is concentrated near the edge.
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Table 4.1 Droplet Velocity Measurement Results

Nozzle Inlet Pressure (kPa)

207

276

345

414

TG4

Mean Droplet
Velocity
(m/s)

16.5

18.8

21.2

234

Liquid Flow
Rate (cc/s)

4.9

53

5.7

6.1

TGo6

Mean Droplet
Velocity
(m/s)

14.5

16.6

18.6

19.9

Liquid Flow
Rate (cc/s)

59

6.5

7.4

8.0

0.14

o
-
©

0.08

Local Flowrate (relative)

0.06

0.02

Figure 4.6 Flow Rate Distribution, Pressure Atomizing Nozzles
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The results of the film thickness measurements are shown in Table 4.2. Two nozzle heights
were used to determine the effect on the film thickness. The measurements are made near the outer
edge of the spray core (R =3 mm when the nozzle is 10 mm high and R = 5 mm when the nozzle
is 15 mm high). The results show that for the liquid flow rates tested, there is only a slight decrease
of the film thickness with the increase of liquid flow rate (or nozzle operating pressure). Different
nozzle heights (10 mm and 15 mm) did not appear to affect the film thickness very significantly,
although a slight increase in film thickness is seen with increase in nozzle height for most cases. For
the two kinds of nozzles used in the experiments (TG4 and TG6), the results show no obvious
relation between the film thickness and the nozzle orifice diameter. The film thickness remains at
about 50 pum in most of the experiments. Radial film thickness profile measurement was also
performed. Table 3.3 lists one set of results for these measurements. Within the accuracy that the

present method can provide, no obvious film thickness change was observed across the spray core.

Table 4.2 Film Thickness Measurement Results

Pressure (kPa) 207 276 345 414
10 mm TG4 54 47 44 43
Film Nozzle
TG6 50 50 47 42
Thickness Height
(um) 15 mm TG4 62 46 46 46
Nozzle
TG6 60 54 54 52
Height

Table 4.3 Cross Section Film Thickness
(TG4, 276 kPa, 15-mm Nozzle Height)

R 0 2 mm 3.5mm 5 mm
Film
) 54 45 44 46
Thickness(um)
18




4.4.2 Results for the Air Atomizing Nozzle
The air atomizing nozzle used in the experiment is one of the air brushes made by Paasche
Airbrush Company. The nozzle geometry is shown in Figure 4.7. The nozzle is placed 20 mm

above the surface and is connected to a gear pump and a compressed air source.

/77777777777
=— "12mm ~—=

Figure 4.7 Air Atomizing Nozzle

Using a PDPA system to measure mass flux has some limitations, especially for high droplet
density flows which involve large droplets. But, for the air atomizing nozzle used in this experiment,
and the liquid flow rates tested, the PDPA system proved to be able to give reliable volume flux
results. So the PDPA system is used to measure the liquid flow rate distribution of the air atomizing
nozzle in this study. The mass flux is measured in 0.5 mm intervals across the spray core with a
distance of 20 mm from the nozzle orifice (without any surface blocking the spray). This distance
is also the distance where the surface is placed for film thickness measurements. Figure 4.8 shows
one set of results. Contrary to the pressure atomizing nozzle, the maximum mass flux occurs near
the center of the spray core and it decreases towards the edge of the spray core. Measurements also
show the mass flux profile is not always symmetric because of the asymmetric design of the nozzle

(see Figure 4.7).
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Figure 4.8 Mass Flux Distribution for the Air Atomizing Nozzle

The air velocity profile was measured with a pitot tube 20 mm from the nozzle orifice
(Figure 4.9). The measurements were carried out at intervals of 0.5 mm. The air velocity profile
shows the typical profile of a fully developed jet. But compared with the nozzle diameter (0.7 mm),
the jet diameter (~10 mm) at 20 mm away from the orifice is extraordinarily large compared with
that of ordinary jet nozzles. This high expansion rate is caused by the unique conical nozzle design
(Figure 4.7) which makes the air jet different from the jet of an ordinary nozzle. We will consider
this difference in the analysis.

The film thickness produced by an air atomizing nozzle is measured using the same set-up
described earlier. The nozzle is set vertically and is 20 mm from the surface. At this distance, most
of the droplets hit in a circle with a diameter of around 12 mm. The combinations of three air
pressures ( 138 kPa, 207 kPa and 276 kPa) and five liquid flow rates (1.2, 1.8, 2.4, 3.0, 3.6 and 4.2
liters/hr) were tested. The results are listed in Table 4.4. As shown in the table, the film thickness

decreases with increase in air pressure for the same liquid flow rate. This also means that a higher
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| air velocity results in a thinner liquid film. The liquid flow rate also affects the film thickness. For

the same air pressure, the film thickness increases with increase in the liquid flow rate.

100

LI I I B N B [ O S I L L B LI

20 mm Away From the Nozzle |

276 kPa
80

60 207 kPa

/

Air Velocity (m/s)

40 =
I 138 kPa
20 - ]
0 P ! | P It | | B
0 1 2 3 4 5 6

Figure 4.9 Air Velocity Profile for the Air Atomizing Nozzle

Table 4.4 Film Thickness Results, Air Atomizing Nozzle,
Nozzle Height 20mm, Orifice Diameter 0.7 mm

Liquid Volume Flow Rate [liter/hr] [ 12 | 18 | 24 | 30 | 36 | 42

Air Pressure
50 60 65 75 78 80
Measured 138 kPa
Film 207 kP 35 40 42 5
Thickness a 4 47 >0
(um)
276 kPa 22 30 30 35 42 45
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The film thickness at different locations in the spray core was also measured. Within the
resolution of this method, no obvious change of film thickness in the spray core was observed. This
result agrees with Yang’s measurement [19,21] where he measured the topography of the film using
the holography method with the same kind of nozzle. His measurements showed the flatness of the

film is within 1 pm in the spray core.

Hvdraulic Modeling of Film El

4.5.1 Pressure Atomizing Nozzle, Low Reynolds Number Flow

Low Reynolds number flow (Re; < 1510) has been proven to have a strong damping factor
and it can remain laminar under strong disturbance [26]. Even under unfavorable pressure gradient,
low Reynolds number flow can still be stable [26].

For the nozzles and the flow rate range tested in the present study, the maximum Reynolds .
number based on the film thickness is about Re; = 580 (TG6, 482 kPa) when the linear velocity
profile is assumed. This is far below the critical Reynolds number Re_; 5= 1510 [26]. So, despite
the strong disturbance caused by droplet impingement, it is very likely that the film flow in the

spray core is still laminar.

4.5.1.1 Hydraulic Modeling of the Film Flow
When the droplets hit the surface, the vertical component of the velocity is converted
to pressure. Because of the dense spray (about 60,000 droplets/mm?>s with a TG6 nozzle, liquid
pressure: 275 kPa and nozzle height : 15 mm) and the high frequency of droplets impingement (60
kHz/mm? for the same case), the transient process of single droplet impingement will not be
significant in the low Reynolds number film with a strong damping factor. So, we assume that the

average pressure can be used in the analysis:

P =P = mVcosa = 4.1

yri+p?
The pressure gradient caused by the impingement angle and mass flow rate distribution is:
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dp _ _-mVhr RV dn

dr ﬁr2+h2)3 \/r2+h2 dr

(4.2)

Figure 4.10 illustrates the pressure and shear force on the control volume and the mass flow

across the boundary. The momentum change of liquid across the control volume is:

8
di[pinrf u’dyl-dr - m27nrdrVsina 43)
.

The net force on the control volume is:

d
211[—;;0517) - T,rldr | (4.9)

where T, is the surface shear force when y = 0:

To = B — y=0 (4.5)

v

N

*f——_L
P_w ]<_p+8p
v > -
|
S

L

To

Figure 4.10 Control Volume for Momentum Equation
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So the momentum equation for the control volume is:

5 A
d d .

-—@dp) - t.r = p—(r [ udy) - mrvsina 4.6
- (rdp) = Tr = p—( [ y) (4.6)

The continuity equation can be obtained on a disc with a radius of r :

5
mmr? = p2nr f u dy 4.7

0

For the laminar integral method, the results are usually not sensitive to the velocity profile.

So we only use a third order polynomial for the velocity profile :

=3 -3 em,  n=g 4.8)

Q‘:

r

The mass flow rate profiles of TG6 and TG4 obtained from the experiments are as follow:

m=M-(0.037-17.23r+2.38x10*r* - 1.132x10°73-1.355x10°r*) 49)

TG6, h=15mm, r=0~5.5mm

m = M-(0.044 - 16.03r + 2.883x10*r% - 4.983 x 10°r3)
(4.10)

TG4, h=15mm, r = 0~5mm

The mass flow rate distribution will affect the pressure profile [ Equation (4.1) ], and thus
affect the film flow. But getting a unique equation for the mass flow rate profile is impossible.
Reference 12 provides a more detailed discussion on radial and circumferential liquid distribution
in the spray core. Ortman and Lefebvre [28] examined the spray characteristics of several nozzles
of different design. They found that the circumferential mal-distributions can be seen in most of the
nozzles. For the TG4 and TG6 nozzles used in the experiment, the radial mass flow rate distribution
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is different and the circumferential mal-distributions were also observed. Therefore, in order to get
better comparison between different nozzles, the mass flow rate profile of Equation 4.10 is used in
most of the film thickness calculations, except when specified otherwise. Different mass flow
distributions were also used in order to see their effect on the film thickness.

The effect of nozzle height is very important for applications. Nozzle heights of 10 mm and
15 mm were used for comparison with the experimental results.

When the velocity and the mass flow rate profile are substituted into Equations 4.2, 4.6 and

4.7, we can get a differential equation of the form :
. dd .
fl (m’V’h’r’p7"’) —&;: =-f2 (5’m7V’h?r7p”‘) (4~11)

Runge-Kutta method of the sixth order is used to integrate Equation 4.11. This equation is
unstable for a small radius. Therefore, the integration is carried out from about r = 2 mm for 15 mm
nozzle height and at 1.5 mm for 10 mm nozzle height. The factory specification of the spray angle
of TG4 and TG6 is 54°- 63° depending on the nozzle inlet pressure. However, the mass flow rate
profile measurements show that most of the mass flow is concentrated within 40° (see Figure 4.6),
so the integrations are also done within that angle. Water properties at room temperature and the

droplet velocities listed in Table 4.1 are used in the analysis.

4.5.1.3 Results and Discussion

Figures 4.11 to 4.16 present some of the numerical results. Figures 4.11 and 4.12
show the film thickness results for TG4 and TG6 nozzles at 15 mm nozzle height. Because of the
hollow spray core center, the pressure gradient caused by droplet impingement (Equation 4.2) is
unfavorable near the center (up to 3.5 mm for TG4, 15 mm nozzle height). So the film thickness
decreases to provide the pressure gradient to keep the liquid flowing out. This is reflected in the
figures. Superficially, it would appear that higher mass.ﬂow rate will make the film thicker. But
with the increase of the mass flow rate, the nozzle inlet pressure and therefore the droplet velocity
also increases. Higher droplet velocity causes higher pressure on the film (Equation 4.1), which
makes the film thinner. Combining these two factors, as seen from Figures 4.11 and 4.12, the film

thickness decreases slightly with the increase of liquid flow rate and nozzle inlet pressure.
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Figure 4.11 Film Thickness, Numerical Results for TG4 Nozzle
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Figure 4.12 Film Thickness, Numerical Results, TG6 Nozzle
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The effect of the nozzle orifice diameter on the film thickness is also directly related to the
mean droplet velocity and the liquid flow rate, and the results show that the droplet velocity has a
significant effect on the film thickness. Figures 4.13 and 4.14 illustrate the comparison of film
thickness results of TG4 and TG6 at same nozzle inlet pressure (Figure 4.13) and same liquid flow
rate (Figure 4.14). When the nozzle operating pressure is fixed, nozzles with a larger orifice (TG6)
have lower droplet velocity and higher flow rate (Table 4.1). This results in a thicker film compared
with that of the nozzle with a smaller orifice (Figure 4.13). For a fixed liquid flow rate, nozzles with
a smaller orifice have higher droplet velocity and therefore thinner liquid film (Figure 4.14).

The effects of nozzle height are not as significant. The mean droplet velocity drops only
about 5% for the distance from 10 mm to 15 mm. This is not enough to make a perceptible
difference. Therefore, despite the change of the local liquid flow rate for different nozzle heights,
the film thickness remains almost unchanged. Figure 4.15 shows the comparison of numerical
results of TG4 at 10 and 15 mm nozzle height. We can also see this in the experimental results
shown in Table 4.2. This proves that the droplet velocity is the dominant factor for the film
thickness in the spray core. |

Mass flow rate distribution can also significantly affect the film thickness. Figure 4.16 shows
the comparisons of the film thickness results of TG6 when the two different mass flow rate
distributions represented by Equations 4.9 and 4.10 are applied. The distribution of Equation 4.9
has a larger hollow area at the center and mass flow is more concentrated near the edge. This results
in a thinner film near the edge as compared with that if Equation 4.10 is used.

The numerical results were compared against the experimental measurements. For this
purpose, the numerical results obtained at R = 5 mm were used since the film thickness is measured
at that radius during the experiments. For the flow rate profile like Equation 4.9, where the liquid
flow is more concentrated near the edge, the numerical solution yields slightly thinner film
compared with the experimental results. The numerical solution with the flow rate profile given by
Equation 4.10 gives better results. Both profiles can give a prediction of the film thickness within
+ 20%, but the results with Equation 4.10 have a better accuracy, about + 10%. Considering the
inevitable circumferential mal-distribution and its effect on the film thickness, this accuracy can be
considered acceptable. Since there is only a slight change in the Sauter mean diameter of the

droplets (from 120 pm to 132 pm) for the two nozzles and the pressure range used in the
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experiments, the effects of droplet diameter on the film thickness remains unclear in the present

study.

4.5.2 Film Thickness for Air Atomizing Nozzle

Yang et al. [19,21,22,29] analyzed the film thickness produced by an air atomizing nozzle
using a two-layer model. The top layer is the air flow of a round impinging jet, and the bottom layer
is the liquid film. The driving force for the flow in the liquid film is the pressure gradient caused
by the impinging air jet and the shear force at the film surface. Because of the small liquid flow rate
(< 1.2 cc/s compared with > 4.9 cc/s for pressure atomizing nozzles discussed earlier) and the high

pressure caused by impinging air jet, the effects of droplet impingement are neglected.

4.5.2.1 Air Stagnation Flow
The top (air flow) layer can be divided into three regions: the free jet region, the
stagnation flow region and the wall jet region. In the free jet region, the jet exchanges momentum
with the surrounding fluid and the boundary of the free jet widens. In the stagnation flow region,
the vertical velocity component transforms into the accelerating horizontal velocity. The velocity

components in this region outside the boundary layer are given by [30,22,29]:

u=arF'(M); w=-2azz n=z|% (4.12)
v
The pressure profile in this region can be expressed as [11]:
1
P, =P, - Ep‘,a’(r2 + F(2)) (4.13)

Here “a” is an empirical constant. Schrader [30,31] determined “a” to be:

vV, H
a = (—£)(1.04 - 0.0342 ) (4.14)
D D

where H is the nozzle height from the surface, D is the orifice diameter and V,, is the air velocity

at the nozzle exit.
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The wall jet region, where all the vertical velocity components have converted to horizontal
velocity, is not important for this case, because the area we are interested in (~12 mm diameter) is

almost fully covered by the jet with a diameter of about 11 mm, 20 mm away from the orifice.

4.5.2.2 Flow of Liquid Film
The film flow on the surface is a viscous boundary layer problem with a free surface.
As shown in the experimental results, the film produced by the air atomizing nozzle is very thin (<
80 um) and the liquid flow rate in the film is very small (<1.2 cc/s). The maximum Reynolds
number of the film is less than 37 (4.2 liters/cm? hr, average film velocity is used, at the edge of the
spray core). As a typical low Reynolds number flow, the inertia forces can be neglected when

compared to the viscous forces. So the boundary layer equation for the film flow can be written as:

u
0-2 . p— (4.15)
dr dz2
with the boundary conditions:
u, =0 at z=0
(4.16)
T = i at z=h(r)

Here, T, is the surface shear force at the air-liquid interface:

Ou ou |
i Pl PR 4.17
H “aaz|a o azl ( )
Substituting Equation 4.12 into Equation 4.17:

3
Z—ul, = 1.312 “;’p" r=Cr,  F0) =1312, [17] (4.18)
z

!

Integrating Equation 4.15 twice and applying the boundary conditions (Equation 4.16 and
4.17), the liquid velocity can be obtained as [29]:
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P,
u, = —%ra*z(h - g-) + Crz (4.19)

o'
If we assume a uniform liquid flux, m, in the spray core, the continuity equation can be written as:

anfo"(') udz = wrin (4.20)

Substituting Equation 4.19 into Equation 4.20, we can get the following equation for the liquid film
thickness [29]:

3
a
m = E&azhs +1.312 FaPa

2
3, L

h? (4.21)

It can be noted that h is not a function of r in the above equation.

4.5.2.3 Results and Discussion

The spray nozzle used in this experiment has a unique conical design (Figure 4.7)
which results in a fast boundary expansion (from 0.7 mm to 10 mm within 20 mm distance) that
cannot be achieved with ordinary jet nozzles. Since Equation 4.14 was obtained for ordinary jet
nozzles, a nozzle with an orifice diameter of 10 mm is assumed instead of the actual diameter of 0.7
mm. At 20 mm from the orifice, this air atomizing nozzle will have about the same jet diameter as
an ordinary jet nozzle with a 10-mm orifice. This assumption makes Equation 4.14 applicable in this
case.

Average air velocity and liquid flux are used to calculate the film thickness. Table 4.5 lists
the calculated results and their comparison with the measurements. The calculated results are close
to the measurements and correctly reflects the increase of film thickness with liquid flow rate. The
theoretical results also show that higher air pressure (higher air velocity) results in thinner liquid

film.
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Table 4.1 Film Thickness of Air Atomizing Nozzle

Nozzle Height 20 mm
. Liquid Volume
Air Pressure Flow rate [liters/hr] 1.2 1.8 24 3.0 3.6 42
Calculated Film
138kPa | Thicknessum) | © | 4 | O | | TV |
(20 psi) pp
V,=35m/s Measured Film
Thickness (um) >0 60 65 75 78 80
Calculated Film
207 kPa Thickness (um) 36 43 43 54 58 62
(30 psi) ppee
V=48 m/s Measured Film
Thickness (pm) 35 40 42 45 47 50
Calculated Film
276 kPa Thickness (um) 33 39 44 49 35 56
(40psi) ppe
V=55 m/s Measured Film
Thickness (umy | 22 | 30 | 0 | ¥ | 2| #
46U . Analvsi

The uncertainty in droplet velocity measurement depends on the PDPA system. The velocity
distribution of the droplets for any location is always Gaussian with a standard deviation of 2-4 m/s
and is reasonably repeatable. The overall uncertainty in the mean droplet velocity is less than 5 %
for the velocity range measured. The liquid flow rate measured using the orifice meter and the
pressure transducer is calibrated using a graduated cylinder and a stop watch. The uncertainty in the
measured volume is % 2 cc and the uncertainty in the time is + 0.5 s. This results in an average
uncertainty of % 0.2 cc/s in the volumetric flow rate measurement. The uncertainty in the nozzle
inlet pressure is about 2 % as read from a grade gauge.

Several steps are followed to measure the film thickness, as shown in Figure 4.5. The steps
that determine the positions of point B and C and the step to set the initial point in the experiment
are most important for the accuracy. The uncertainty in finding the positions of points B and C are

about = 5 um and the error in finding the initial point is about + 3 um. This gives a maximum
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uncertainty of + 13 um in the film thickness measurements. The film thickness measurements of air
atomizing nozzle have the same uncertainty because an average is used for the position of the wavy

film surface. The uncertainty related with this process is also about + 5 pm.
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5. EFFECTS OF OPERATING TEMPERATURE AND THERMAL MANAGEMENT
TECHNIQUES ON MOSFET CHARACTERISTICS

Even though the power MOSFETS operate more efficiently at cryogenic temperatures, it was
shown in a recent study that the break-even temperature from an energy saving point of view was
close to 150 K [33]. This is because maintaining the circuit at a low temperature involves
refrigeration penalties which have to be taken into account when evaluating the overall efficiency.

Despite the higher efficiency of cryogenic temperature electronics, the waste heat dissipation
will remain a problem. The objective of this part of the study is to examine the potential challenges
in thermal management of superconductor/semiconductor hybrid circuits. In the following sub-
sections, the improvement in maximum drain current of some MOSFETs operating at a low

temperature are compared against the operating temperature and the thermal management technique.

5.1 Maximum Drain Current of Power MOSFETs

The MOSFETs used in power conversion applications (e.g., generator supplying a radar
load) can have very high power dissipations. At room temperature, IRFBG30, a 1000V MOSFET
in a TO-218 package, is rated at 125 watts [34]. Since the effective heat transfer area of the package
base is less than 1 cm? this MOSFET is capable of dissipating over 125 W/cm? without failure. The
power rating (Pp) of the MOSFET is based on the thermal resistance of its packaging. In general,
a 125 W rating means that 125 W can be conducted out by the packaging if the casing surface is
maintained at 25°C and the maximum allowable junction temperature is 150°C. This translates in
to a thermal resistance of 1 °C/W for the thermal packaging of the MOSFET mentioned previously.
The thermal resistance between the junction and the case surface is made up of resistance due to
silicon and the copper base in addition to the interfacial resistance between copper and silicon. The
interfacial resistance is mainly due to a very thin layer of metallization and solder which connects
the copper to silicon die. For cryogenic operation, there are two main advantages. The on-resistance
(Rosen)) of the MOSFET decreases by an order of magnitude [35]. At the same time, the thermal
conductivities of copper and silicon increase significantly [11]. In conjunction these factors enable

a MOSFET to carry a much higher drain current at cryogenic temperatures as compared to its
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normal rating.

Under normal circumstances, the maximum allowable continuous drain current, Ipmay, in

a MOSFET is given by:
I P
- D
ID (max) - R (5 N 1 )
DS(om) @t Ty )

Here, T;(max) refers to the maximum allowable junction temperature which is generally 150 °C.
Usually, the manufacturer rates the Ip.., by including the thermal resistance of the insulation which
has to be put between the case and the heat sink. The value of this resistance is typically assumed
to be 0.5 °C/W. Then, the heat sink temperature is assumed to be 25 °C to calculate the Py, and the
resulting Ip e rating. Thus, the rated P, (125 W in the previous case) is only applicable if the case
surface is somehow maintained at 25 °C.

Let us consider the 1000V MOSFET, IRFPGS50 (International Rectifier classification) in a
TO-247AC packaging with power rating of 190 W. The detailed schematic diagram of this
MOSFET is shown in Figure 5.1. The thermal resistance of the packaging is 0.66 °C/W [36]. At
normal operating temperatures, the main contribution to this resistance is due to the silicon wafer.
This MOSFET is rated at 6.1 A (maximum continuous drain current) for room temperature
operation. As mentioned earlier, this rating of I, accounts for the thermal resistance between the
case and the heat sink in addition to the junction-case thermal resistance; i.e., the total thermal
resistance increases to 1.16 °C/W. This decreases the power rating used for calculating Inp,, from
190 W to 108 W. The Rps(on) for this MOSFET is 1.6 ohm at a junction temperature of 303 K, and
0.11 ohm at a junction temperature of around 78 K [35]. Assuming that the on-resistance varies
linearly with junction temperature, the on-resistance dependence on junction temperature is given
by:

= -3 _
Rpsionyry=0-11+6.6X 107 (T, ~78) (5.2)

Secondly, the thermal conductivity of pure silicon increases from 148 W/m K at 300 K to 1340
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W/mK at 80 K, and that of copper increases from 398 W/m K at 300 K to 580 W/m K at 80 K [11].
The exact thermal conductivity of n-type silicon used in this MOSFET is uncertain because it varies
significantly with the level of doping and direction with respect to the crystal axis [11]. If we make
a conservative estimate that the silicon die has a thermal conductivity of 619 W/m K, which is the
lowest measured conductivity of pure n-type silicon crystal at 80 K, then the thermal resistance due
to the silicon is less than 0.02 °C/W at this temperature.

In order to determine the thermal resistance due to the copper base, a detailed numerical
analysis was carried out using the ANSY'S finite element analysis program. The thermal resistance
was calculated by keeping the base at a constant temperature of 78 K and applying a known constant

heat flux at the die location. The results of the analysis indicate that the thermal resistance of the
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Silicon Wafer (0.5 mm thick)
P'aiﬁc \\ ‘ Mounting Hole

|

Copper Base (2 mn‘l thick)
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= <~ <1Tmm
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E 7.1 mm | 13.7 mm
EL -
6.4 mm
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Figure 5.1 Physical Details of the IRFPG50 MOSFET
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copper base is 0.05 °C/W; i.e., for 100 W power dissipation, the average temperature of the copper
in contact with the die is about 5 K higher than the case surface.

The thermal resistance due to the solder and the metallization between the copper and the
silicon is much lower due to the very small thickness of the two (estimated to be less than 0.05 mm).
Using a conservative value for this resistance, the overall thermal resistance is estimated as 0.09
°C/W at 80 K.

The variations in thermal conductivities between 80 K and 300 K are non-linear and quite
complex for both copper and silicon. Further, the exact thermal characteristics of the silicon used
in the die are not known. Hence, it is difficult to know the exact thermal resistance at temperatures
between 80 K and the normal operating temperature. Making a simplifying assumption that the
overall junction-case thermal resistance varies linearly between 80 K and 360 K (the mean
temperature of the chip when the junction is at 150 °C and the case is at 25 C), the thermal
resistance variation can be approximated by Equation 53 Here, T refers to the mean temperature

of the chip, i.e., the average of junction temperature and the base temperature.

R, ;.. =0.09+2.1x107(T-80) (.3)

Using Equations 5.3, the maximum power that can be dissipated by the MOSFET is

approximated by:

T.-T
j "¢

P,=

T +T 5.4
0.09+2.1x10'3( J ¢ —80) -4)

where all temperatures are in Kelvins. Considering Equations 5.1 to 5.4, and assuming T, is
maintained at 78 K (for liquid nitrogen temperature operation), we can obtain the chart shown in
Figure 5.2.

From Figure 5.2, it can be seen that the maximum drain current can be more than quadfupled

by operating at liquid nitrogen temperature. The maximum drain current of 29 A occurs at a junction
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Figure 5.2 Power Dissipation and Drain Current Characteristics of IRFPG50 at Liquid
Nitrogen Temperature

temperature of 112 K. At this current, the power dissipation is about 280 W. From the dimensions
of the TO-247AC, the copper base area is about 2 cm? (discounting the area occupied by plastic).
However, the die area is only 0.45 cm? and the die is placed extremely close to the edge of the
copper base. Considering the heat spreading ability of the copper base, the effective heat transfer
area on the base is not more than 1.2 cm?. Referring to Figure 5.1, this is the area bounded by a 13.7
mm x 9 mm rectangle extending from the left edge of the mounting hole to the edge of the copper
base. This was also confirmed by the finite element analysis carried out to determine the thermal
resistance of the copper base. Calculating the heat flux based on this area gives a heat flux of about
2300 kW/m? at the maximum drain current. At a marginally lower current of 25 A, the heat flux

would reduce to 1015 kW/m?; and at a current of 22 A, the heat flux would be 625 kW/m®.

39




The heat flux and maximum current estimates are on the conservative side due to the
assumptions mentioned earlier. Further, if different packaging (more compact) is used, much higher
heat fluxes are possible. -

The drain current curve in Figure 5.2 shows a maximum, i.e., there is a junction temperature
above which the drain current decreases. The location of the peak prior to the junction temperature
of 423 K (maximum allowable junction temperature) depends on the relative slopes of the thermal
resistance and the on-resistance curves. In order to illustrate this, let us consider MOSFET
MTMS5N100 (1000V, 5A, 3 ohm, 150W) which comes in a TO-218AC packaging which is almost
identical to TO-247AC package [37]. According to Mueller [37], the on-resistance of this MOSFET
drops to 0.17 ohm at liquid nitrogen temperature. Carrying out similar calculations for this
MOSFET, Figure 5.3 is obtained.

From Figure 5.3, it can be seen that the drain current has a maximum at 120 K. At this
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Figure 5.3 Power Dissipation and Drain Current Characteristics of MTM5N100 at Liquid
Nitrogen Temperature
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junction temperature, the drain current reaches a maximum value of 25.3 A (with power dissipation
of 325 W). For this MOSFET, the power dissipation at 22 A is about 145 W. Since the effective
heat transfer area of this packaging is also about 1.2 cm?, heat fluxes over 2500 kW/m? are péssible
with this MOSFET.

From this discussion, it is clear that heat fluxes on the order of 1000 kW/m? are possible if
high drain currents are used. Taking the calculated heat fluxes into consideration, the options
available for the thermal management are:

1. Immersion cooling with low device density packaging and employing heat spreaders

(or operating the device at a fraction of the maximum drain current).

2. High heat flux cooling methods, e.g., flow boiling and spray cooling.

As mentioned in Section 3, the first option cannot be expected to handle device heat dissipation
above 300 kW/m? even with the use of a heat sink. This is because the pool boiling critical heat flux
for the prospective cryogens in the 78-150 K range is on the order of 150 kW/m?. In cases where
higher heat dissipation needs to be handled, the second option of using a high heat flux cooling .
technique would be much more preferable. The high heat flux cooling techniques, which include
spray cooling, submerged jet impingement cooling, and flow boiling, are expected to be able to
remove over 1500 kW/m? at cryogenic temperatures.

In the previous analysis, it was assumed that the case surface was at 78 K. This was a
simplifying assumption which is not entirely valid because the fluid (LN,) itself is at 77.3 K. The
external thermal resistance, i.e., that between the case surface and the fluid, was not accounted for
in the previous calculations. This external thermal resistance depends on the cooling technique. The
following section compares two cooling techniques and obtains the resulting drain current capacities

of the IRFPG50 MOSFET discussed previously.

¢ 5 Effect of Cooling Techni Drain C Capac

The easiest cooling technique which can be applied in cryogenic cooling is immersion
cooling. According to the correlation provided by Zuber [15], for liquid nitrogen, the cooling
capacity (maximum heat flux) of this technique is limited to about 164 kW/m?. Higher heat fluxes

may be removed by employing heat spreaders on the chip. However, the heat spreader also adds to
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the thermal resistance; therefore, the addition of a heat spreader may not be as beneficial as it
appears on the surface. Various kinds of heat spreaders have been developed for immersion cooling.
Their characteristics differ greatly, and therefore, no calculations using heat spreaders were carried
out. The following analysis only considers the bare chip cooled by the liquid directly.

For pool boiling (immersion cooling) with liquid nitrogen, the heat flux dependence on the

temperature of the surface is given by Kutateladze's correlation [38] which can be expressed as:

q"=ca, T, )* (5.5)

urface sat

where C is 345 W/m? K?* for liquid nitrogen. Thus, we can calculate the surface temperatures for
heat fluxes less than 164 kW/m?. Note that this is the heat flux; in order to evaluate the average
junction temperature using the thermal resistance we need the total power dissipation. This has to
be calculated by multiplying the effective heat transfer area of the chip package with the heat flux.
As previously mentioned, the effective heat transfer area of the IRFPG50 MOSFET is about 1.2
cm?,

Using the surface temperatures (which are the case temperatures) and the total heat
dissipation, the junction temperature can be evaluated from Equation 5.4. Then, the on-resistance
can be obtained from the Equation 5.2. Finally, using the power dissipation and the on-resistance,
the drain current can be calculated. This way, the junction temperature vs. drain current curves can
be obtained for immersion cooling.

The immersion cooling performance is compared against spray cooling with liquid nitrogen.
As shown in a previous report [2], spray cooling with liquid nitrogen can remove heat fluxes over
1600 kW/m?. The performances of various spray nozzles are given in References 2 and 3. Here, we
use the performance characteristics of FL#13 nozzle at 828 kPa with resulting flow rate of 1.0x10°
kg/hr.m*. The heat flux varies almost linearly with the superheat (difference between the surface
temperature and the saturation temperature of the liquid). For these parameters, the heat flux is given

by Equation 5.6. Using the same technique as before, the junction temperature vs. drain current

q"=9.14x104T,, ..~ T,) (5.6)
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Figure 5.4 Comparison of Immersion Cooling and Spray Cooling with Liquid Nitrogen

curve for spray cooling can be obtained. The resulting temperature-current-power characteristics of
the IRFPG50 MOSFET cooled using the two cooling techniques are shown in Figures 5.4.

As seen from Figure 5.4, the high heat flux technique (spray cooling) permits a higher drain
current at any junction temperature. This is due to its lower external (case-fluid) thermal resistance.
Both cooling techniques result in an improvement over room temperature operation. It can be seen
that the maximum drain current with spray cooling is less than that in Figure 5.2 (for the case
temperature at 78 K). This is due to the presence of the external thermal resistance. It should be
noted that these calculations were intended to illustrate the difference due to the two cooling
techniques. The absolute values of the drain current and power dissipation may be in error due to
the estimate of the effective heat transfer area of the chip and the neglecting of the heat loss through
the plastic part of the package. However, the relative differences in the drain current due to the two

cooling techniques should be accurate.
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3 C ine El . 150 K

As mentioned earlier, a thermodynamic analysis carried out by Donovan et al. [33] showed
that the break-even temperature (for energy savings) for the operation of cryo-electronics was 150
K. Let us examine if operating at 150 K results in any advantage over room temperature operation.
Considering IRFPG50 and carrying out the first analysis, only this time keeping the case
temperature at 150 K instead of 78 K, we can obtain the curves shown in Figure 5.5.

As seen from Figure 5.5, the drain current can still be improved significantly beyond the
room temperature limit (6.1 A). However, the heat dissipation is significantly higher as compared
to 78 K operation. For example, at 10 A, the heat dissipation at 78 K was less than 20 W, but, at 150
K, the heat dissipation is about 70 W. This is due to the higher on-resistance at these junction
temperatures. Thus, drain current enhancement at 150 K can only be obtained by dissipating higher

heat fluxes as compared to 78 K operation. Even for a drain current of 6.1 A (rated current at room
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Figure 5.5 Power Dissipation and Drain Current Characteristics of IRFPG50 at 150 K
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temperature), heat dissipation is close to 25 W (or 200 kW/m?” for the 1.2 cm? heat transfer surface).
This value will increase further if the external thermal resistance is considered. This may be higher
than the immersion cooling critical heat flux limit for the cryogen used for this temperature fange.
Therefore, the use of a high heat flux cooling technique is even more appropriate for 150 K
operation.

Since pool boiling and spray cooling characteristics of the cryogens to be used for 150 K
operation are uncertain, no comparison plot similar to Figure 5.4 was obtained. However, there is

no reason to expect any significant difference in trends for this case.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

A method using the point gauge was developed to measure the water film thickness in the
spray core for pressure and air atomizing nozzles. Analytical models, which agree quite well with
the measured results, were also developed. These models can be easily extended to predict the film
thicknesses produced by other liquids.

For the pressure atomizing nozzles, the experimental results show that the film thickness is
around 50 pum for the two nozzles tested. The effect of the nozzle height on the film thickness is
insignificant for the two heights (10 mm and 15 mm) tested.

For the air atomizing nozzle, measurements showed that the film thickness increases with
the liquid flux. At a fixed liquid flux, the film thickness decreases with increase in air pressure (or
air velocity). The film thickness produced by the air atomizing nozzle used in the experiment is
comparable with that of pressure atomizing nozzles even through the liquid flow rate is very
different. The film thickness was less than 100 pm for all the tested situations.

An integral method that incorporates the effect of mass flow rate distribution is used in the
numerical analysis for the pressure atomizing nozzle. The results agreed well with the experiment
and show the following properties of the film in the spray core: the mean droplet velocity and the
radial mass flow rate distribution are the main factors that affect the liquid film thickness in the
spray core of pressure atomizing nozzles, for each nozzle, the film thickness decreases with the
increase of the nozzle inlet pressure and liquid flow rate; nozzles with a smaller orifice diameter
have thinner liquid films at the same nozzle operating pressure (or the same liquid flow rate); the

radial and circumferential mass flow rate distribution affects the film thickness and also the shape

- of the film surface. The numerical method incorporating the two correlations of mass flux

distribution provided in this study can predict the water film thickness with an accuracy of + 20%.
Equation 4.10 achieved better accuracy for the two nozzles tested.

An analytical method incorporating a two-layer model and the surface shear stress is used
for the film thickness analysis of the air atomizing nozzle. For the upper air jet, a semi-empirical
correlation is used for the pressure profile. Because the lower layer, the liquid film, has a low

Reynolds number, the inertia terms are dropped in the boundary layer equation. The average liquid
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flux and the average air velocity from the measurements are used in the final equation. The
analytical results agree well with the film thickness measurements. The analytical results also show
that the film thickness is independent of the radius, increases with increase in liquid ﬂuk, and
decreases with increase in air velocity.

As mentioned earlier, both models can be used for other liquids. With this study, an
important gap in spray cooling knowledge has been filled. Detailed modeling of the spray cooling
process will now be easier to accomplish.

In the other part of this study, a numerical analysis was carried out for power MOSFETs
IRFPG50 and MTM5N100 to determine the heat dissipation and drain current characteristics for 78
K and 150 K operation. Further comparisons were made between immersion cooling and spray
cooling with liquid nitrogen. It was seen that if an ideal cooling technique is available, i.e., one that
can maintain the case temperature almost equal to the fluid temperature, the drain current can be
more than quadrupled for 78 K operation. However, higher drain currents will require the use of a
high heat flux removal technique like spray cooling.

In comparing different cooling techniques using liquid nitrogen, it was seen that the
maximum drain current that can be sustained by spray cooling was more than twice the current that
can be sustained by immersion cooling. At similar junction temperatures, spray cooling enables a
significantly higher drain current as compared to immersion cooling. For the same drain current, the
power dissipated under spray cooled condition is lesser because of the lower on-resistance (due to
the lower junction temperature).

For 150 K operation, the heat dissipation increases as compared to 78 K operation. For this
temperature, a high heat flux technique needs to be used to obtain any improvement in drain current
over room temperature operation.

This report, which is the fifth and the final report for contract F33615-91-C-2152, addressed
the film thickness estimation aspect of spray cooling and cryogenic operation of power MOSFETs.
The overall study has advanced the knowledge of spray cooling, pool boiling and free expansion,
particularly in reference to using cryogens. Semi-empirical correlations, which are suitable for
thermal design, have been derived for these processes. In order to gain a detailed understanding of

the ¢ooling processes, future studies should focus on high-heat-flux cooling (spray, flow and jet
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impingement cooling) of densely populated heat sources in complicated geometries. The effect of
heat source surface characteristics (viz., surface material, roughness, protrusion with respect to the
surrounding surface) on the heat transfer characteristics should also be investigated. In addition to
these fundamental studies, investigations should be carried out to determine the possible size/weight
reductions in the overall system when using cryo-electronics. This would include an investigation

into, and selection of, appropriate cryocoolers.
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