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Abstract 

This master thesis is supported by Ericsson to conduct research on immersed liquid cooling of electronics. 

By this technology, the liquid will be in direct contact with the electronics. The research begins with 

investigations in industrial background, literature review and theory in heat transfer. According to the 

knowledge from those investigations, different liquid cooling systems including indirect, direct and 

immersed liquid cooling systems are introduced.  

The experiment consists of three parts: air cooling, single-phase and two-phase liquid cooling. Those three 

parts are with the same test board with adjustable heat resources in the same geometry. 

In the first part, an air flow channel is used for testing air cooling, by which immersed liquid cooling can 

be compared to traditional technology.  

In the second part, an immersed liquid cooling system is designed and constructed with detailed 

explanation. Liquid NovecTM 7200 is used as working liquid.   

In the third part, a huge number of data has been collected during the whole process of boiling, through 

which a boiling curve for NovecTM 7200 has been acquired. 

Then comparisons between those three technologies have been made. The feasibility of immersed liquid 

cooling on an industrial scale has also been discussed. Based on the experiments and analyses, a careful 

conclusion that electronics with liquid cooling has a larger heat flux limit than with today’s air cooling but 

with some practical problems can be drawn. 
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Sammanfattning 

Detta examensarbete stöds av Ericsson för att bedriva forskning på nedsänkt vätskekylning av elektronik. 

I denna teknik, kommer vätskan att vara i direkt kontakt med elektroniken. Forskningen börjar med 

undersökningar i industriell bakgrund, litteraturgenomgång och teori inom värmeöverföring. Enligt 

kunskaperna från dessa undersökningar har hur man designar olika vätskekylda system inklusive indirekta, 

direkta och nedsänkta kylsystem introducerats.  

Experimentet består av tre delar: luftkylning, enfas- och tvåfas- vätskekylning. Dessa tre delar är med 

samma testkort med justerbar värmetillförsel i samma geometri.  

I den första delen, används en vindtunnel för att testa luftkylning, genom vilket nedsänkt vätskekylning 

kan jämföras med traditionell teknik.  

I den andra delen är ett nedsänkt vätskekylsystem konstruerat och tillverkat med en detaljerad förklaring. 

Vätskan NovecTM 7200 används som arbetsvätska.  

I den tredje delen, har ett stort antal data under hela processen med kokning samlats, genom vilka en 

kokkurva för NovecTM 7200 har förvärvats. 

Sedan har jämförelser mellan dessa tre tekniker har gjorts. Möjligheten att använda nedsänkt vätskekylning 

i industriell skala har också diskuterats. Baserat på de experimenten och analyserna, kan en försiktig 

slutsats att elektronik med vätskekylning kan hantera större värmeflöden än med dagens luftkylning men 

med vissa praktiska problem.
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Nomenclature 

A Area m2 

B Protrusion of component m 

Cd Dielectric constant - 

Cp Specific heat   J/(kg∙K) 

h Heat transfer coefficient W/(m2·K) 

h0 Overall heat transfer coefficient W/(m2·K) 

I Electric current A 

k  Thermal conductivity W/(m·K) 

Lc Length of component m 

Lt Characteristic length of tube  m 

P Power W 

Pr Prandtl number - 

q" Heat transfer rate per unit area W/m2 

qx Heat transfer rate W 

R Resistance Ohm 

Rth Thermal resistance °C/W 

Re Reynolds number - 

T∞ Temperature of fluid °C 

Tb  Boiling temperature °C 

Tp Pour temperature °C 

Tsat Saturation temperature °C 

Tw Temperature of components’ surface °C 

U Voltage V 

v Velocity  m/s 

ΔT Temperature difference between  °C 

T∞ and Tw 

δq Standard uncertainty 

δq

|q|
Standard fractional uncertainty 

μ Dynamic viscosity kg/(m∙s) 

𝜌 Density kg/m3 

τ Sheer stress Pa 

ν Kinematic viscosity m2/s 

https://en.wikipedia.org/wiki/Watt
https://en.wikipedia.org/wiki/Metre
https://en.wikipedia.org/wiki/Kelvin
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Abbreviations 

CFD Computational fluid dynamics  - 

CHF Critical heat flux W 

DNB Departure from nucleate boiling - 

PCB Printed circuit board -
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1 Introduction 

Background 

1.1.1 The increase in power dissipation of electronics 

Half a century ago, Gordon Moore, the co-founder of Intel, described his observation and prediction that 

the number of components per integrated circuit would double every single year. [1] Later on, this 

prediction turned out close to reality every 18 months as Moore’s law. [2] Although Intel stated in 2015 

that this tendency has slowed to every two and a half years, the number of components per integrated 

circuit still increase quickly. [3] 

Moore’s law can also be served for predicting the increase in heat dissipation rate of electronic per area 

unit. Since the development of the first electronic computers in the 1940s, heat flux has been raised along 

with the chip and package levels. [4]  

The most important reason for introducing liquid cooling technology is to meet the demand of higher 

heat dissipation from electronic components which have become increasingly difficult for air cooling 

technology to handle. If the rapid increase in heat dissipation is not well handled, the reliability of 

electronic devices can be largely challenged. Although air cooling technology maintains the most widely 

used and simplest approach, liquid cooling has been long considered to be able to handle higher heat flux, 

which can also improve the reliability of electronics.  

1.1.2 The increase in energy consumption of electronics 

Along with the rapid development of big-data and internet, data centers have become one of the fastest 

growing electricity consumers and one of the key drivers of construction of new power plants across the 

world, especially in developed countries. Let us take USA for example whose data centers consumed an 

estimated 91 billion kilowatt-hours of electricity in 2013 which is equal to the annual output of 34 large 

(500-megawatt) coal-fired power plants. The electricity consumption is projected to increase to a number 

which is equal to 50 such power plants by 2020. As a result of the huge production of electricity, millions 

of tons of carbon dioxide will be released to the environment. [5] 

The energy consumption of cooling electronics can contribute approximately 30-40% of the total 

consumption in those datacenters. [6] If the energy consumption in the thermal control part of those data 

centers can be decreased, both the total energy consumption and impact on the environment of data 

centers can be largely decreased and improved. That is another reason why liquid cooling that is 

considered more efficient has been compared to traditional air cooling for a long time. 

1.1.3 The development of liquid cooling technologies 

The research and attempt began with testing indirect liquid cooling systems in variable forms. Indirect 

liquid cooling technology such as the heat pipe has already been widely used and developed. Soon direct 

cooling began drawing researchers’ attention.  

IBM announced their first water cooled product in 1964. [7] In the 70’s, IBM produced a liquid 

encapsulated module which is an example of electronics using pool boiling. The integrated circuit chips 

were mounted inside a sealed hermetic module containing the fluorocarbon FC-72. The boiling occurred 

at the exposed chip with heat transfer coefficients between 1700- 5700 W/m2∙K. In order to condense the 

vapor internal fins was provided as a heat sink together with an either water- or air- cooled plate on the 

outside of the module. Using this method they could cool chips with a size of 4.6 mm by 4.6 mm with 4 

W and the whole module up to 300 W. [4] However, with the help of high performance interface 

materials, package level and more efficient calculating method, the heat dissipation level has been largely 

decreased in the 80’s, which explains why air cooling has been taken the place and prevented the 

development of liquid cooling. [7] 
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Another famous example of a large computer to be run with a forced immersed liquid cooling system 

were the supercomputer Cray 2 which were released in 1985. [8] It could perform 1.9 gigaflops and was 

the second fastest supercomputer until 1990. Cray had 4 processors submerged in the dielectric liquid FC-

77 which boiled during operation. The liquid circulated in the mainframe cabinet with a velocity of 2.5 

cm/s and were in direct contact with the integrated circuit packages. The system was a closed 750 liter 

valveless system accompanied by a water chiller and shell and tube heat exchangers, which is illustrated by 

Figure 1-1. The power consumption of the computer was 195 kW but the power dissipation from the 

liquid cooled module could be 700 W. [9] 

Figure 1-1 CRAY-2 liquid immersion cooling system [4] 

In order to further increase the thermal properties of liquids; nanofluids have been researched since 1995 

when it first was proposed. A nanofluid is a heterogeneous mixture that consists of a base fluid with small 

solid nanoparticles suspended in the fluid. While the particles of the nanofluid are under 100 nm they are 

not influenced by settling motion of gravity which makes the fluid stable. These nanoparticles change the 

properties of the fluid which can be used by researchers to produce fluids with increased heat transfer 

properties. Several studies done on boiling has shown that nanofluids can increase the heat transfer 15- 60 

% during nucleate boiling and increase the critical heat flux 25- 250 %. [10] 

Literature review 

The larger the heat transfer coefficient is, the better the heat exchange would work. Following this basic 

assumption, researchers began from indirect liquid cooling to direct cooling even to immersed cooling, 

along with the increase in heat transfer coefficient.  

H. V. Mahaney, F. P. Incropera and S. Ramadhyani [11] compared the predicted and measured mixed

convection from four-row, in a line array of 12 flush mounted heat sources. The heaters had equal power

dissipation of 1, 2,5, 5 and 7,5 W each with a Reynolds number ranging from 25- 2050. They showed that

when decreasing the Reynolds number in a forced laminar flow, the heat transfer will increase due to the

increase in the buoyancy driven forces in a mixed flow which can be used to decrease the pumping power

in liquid cooling techniques.

F. P. Incropera, J. S. Kerby, D. F. Moffatt and S. Ramadhya [12] performed experiments to determine the 

convective heat transfer from a single heat source and an in-line, four-row array of 12 heat sources which 

were flush mounted to a horizontal wall in a rectangular channel. The experiments were performed with 

water and FC-77 for channel Reynold numbers ranging from approximately 1000 to 14,000. They showed 

that experimental correlations from single heat sources were in good agreement with the predicted heat 
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transfer. For four rows of heat sources, the model predictions were in good agreement for turbulent flows 

but were under estimated for laminar flows. 

K. W. Tou, G. P. Xu, and C. P. Tso [13] tested both single- and 4 in row components, both flush 

mounted and protruding, with Reynolds numbers ranging from 2200 to 63 000. They compared their 

results with earlier research and their correlation agreed well with those earlier researchers for all of their 

tested configurations. They showed that the difference in heat transfer coefficient between protruding 

heat sources and flush mounted increased with an increase in Reynolds number. 

C. O. Gersey and I. Mudawar [14] ascertained the effects of the orientation of the flow channel for both

single- and two- phase systems for flush mounted heat sources in a turbulent flow. The orientation was

changed with a 45° increment and for each position the flow velocity was varied between 13- 400 cm/s.

For the single-phase system the orientation had little effect on the heat transfer and an increase in flow

velocity increased the heat transfer for all positions. For two phase systems the orientation did not have a

great impact on the heat flux limit for velocities over 200 cm/s. The best orientation to ensure consistent

boiling, high critical heat flux limit and a stable flow in packaging multi-chip modules were the upstream

orientation.

Meanwhile, some researchers began thinking about immersed cooling systems which put both PCB and 

components inside working fluids. On the contrary to the fact that the feasibility of immersed cooling 

systems has already been demonstrated by constructing some practical models, very few analyses on it 

have been conducted yet.  

Aims and limitations of the research 

Ericsson, as a pioneer in many fields of electronics, wants to analyze and identify the potential and 
feasibility of immersed liquid cooling by both theory and experiment. This master thesis including the 
experiment is therefore supported and sponsored by Ericsson.  

In this experiment, the following aims are expected: 

 An immersed liquid cooling system which can be customized to fit to a current processor or
server board will be designed and constructed.

 A proper liquid will be selected for conducting the experiment.

 Both one- and two-phase systems will be tested and compared.

 A boiling curve for the liquid will be acquired.

 The result will be compared to an air cooling system with same geometry.

 Heat flux limits for air cooling, one- and two-phase liquid cooling will be examined.

 The feasibility of immersed liquid cooling for industrial use will be discussed.

There are also some limits of this research: 

 The total period of the research is only six months which means the experiment cannot be
conducted on a long-term basis.

 The experiment will be conducted with a test board instead a real PCB board.
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2 Design of liquid cooling systems 

Properties of the liquid in liquid cooling systems 

How to choose a suitable liquid is of crucial importance for cooling electronics. IBM and CRAY-2 chose 

FC-72 och FC-77 respectively, as introduced in 1.1.3. The other researchers we have mentioned in 1.2 all 

conducted their experiments with one of those two liquids. FC-72 has a boiling point at 56 °C and FC-77 

has a boiling point at 97°C. [15]  

For convective heat transfer, some properties are important: 

 Dielectric constant (Cd) [-], which describes the capacitance of the liquid compared to that of

vacuum. The liquids used for direct or immersed liquid cooling of electronics must not be

electrically conductive.

 Normal boiling point (Tb) [°C], is the temperature at which a liquids vapor pressure equals that of

the atmosphere and the liquid changes to vapor, usually defined as where boiling occurs at 1 bar

which is called the normal boiling point. This property is very important to decide whether to

design a single-phase system or two-phase one.

 Pour point (Tp) [°C], is the temperature where a liquid occurs in both solid and liquid phase. The

pour point of liquids should be low enough to avoid becoming solid.

 Density (𝜌) [kg/m3], is defined as mass per unit volume.

 Dynamic viscosity (μ) [kg/(m∙s)], is defined by Eq. 2-1. In viscous flow, viscous forces are

described by sheer stress τ between fluid layers. If this stress is assumed to be proportional to the

normal velocity gradient, we have the defining equation for dynamic viscosity. The μ is defined by

the decay of the relation between the sheer stress and the velocity gradient.

𝝉 = 𝝁 ∙
𝜹𝒖𝒙

𝜹𝒚
Eq. 2-1 

 Kinematic viscosity (ν) [ m2/s], is defined as the ratio of the dynamic viscosity to the density of a

certain liquid.

 Thermal conductivity (k) [W/(m·K)], is defined from the phenomenon of conduction in heat

transfer. When energy is transferred by conduction and that the heat transfer rate per unit area is

proportional to the normal temperature gradient:

𝒒𝒙

𝑨
=

𝜹𝑻

𝜹𝒙
Eq. 2-2 

When the proportionality constant is inserted: 

𝒒𝒙 = −𝒌 · 𝑨 ·
𝜹𝑻

𝜹𝒙
Eq. 2-3 

Eq. 2-3 is called Fourier’s law of heat conduction where 
δT

δx
 is the temperature gradient in the 

direction of the heat flow and qx is the heat-transfer rate. The positive constant k is called the 

thermal conductivity. 

After applying similarity principle to the heat transfer, dimensionless numbers like Renoylds number and 

Prandtl number are introduced in fluid mechanics. Thermal resistance is also widely analyzed in thermal 

design of electronics. [16] 

https://en.wikipedia.org/wiki/Watt
https://en.wikipedia.org/wiki/Metre
https://en.wikipedia.org/wiki/Kelvin
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 The Reynolds number (Re): Re is defined as the ratio of inertial forces to viscous forces which is

the relative importance of these two types of forces for certain conditions. Re is used to help

predict similar flow patterns in different fluid and flow situations.

𝑹𝒆 =
𝝆·𝒗·𝑳𝒕

𝝁
=

𝒗·𝑳𝒕

𝝂
Eq. 2-4 

 The Prandtl number (Pr): Pr is defined as the ratio of momentum diffusivity to thermal

diffusivity. In heat transfer phenomena, the Prandtl number can help to predict the relative

thickness of the momentum and thermal boundary layers. For most gases over a wide range of

temperature and pressure, Pr is approximately constant. [17]

𝑷𝒓 =
𝝂

𝜶
=

𝝁/𝝆

𝒌/(𝑪𝒑·𝝆)
=

𝝁·𝑪𝒑

𝒌
Eq. 2-5 

 Thermal resistance (Rth): Rth is a heat property which indicates how an object or a material resists

a heat flow. It is defined by the ratio the temperature difference to the power input to it. The unit

of thermal resistance is °C/W. The smaller the thermal resistance is in a same flow condition,

more heat will be transported.

𝑹𝒕𝒉 =
∆𝑻

𝑷
Eq. 2-6 

Convection of liquid cooling of electronics 

The main heat exchange is due to convection. In order to simplify the analysis of heat transfer in fluids, 

we assume the effect of radiation can be neglected. The overall heat transfer by convection is described by 

Newton’s law of cooling. 

𝒒" = 𝒉𝟎 ⋅ (𝑻𝒘 − 𝑻∞) Eq. 2-7 

Here the overall heat-transfer rate is related to the overall temperature difference between the wall and 

fluid. Tw is the temperature of the surface and T∞ is the temperature of the liquid. The quantity h0 is called 

overall heat transfer coefficient and h is defined by Eq. 2-7.  

Factors that can influence convection are factors that can influence the flow of liquids and heat 

exchange in the liquids. Here are some of those important factors. 

1. Mechanisms of flow

Because of different mechanisms, convection can be classified by forced convection and natural 

convection. Forced convection is generated by some external source (like a pump, fan, suction device, 

etc.), while flow in natural convection is not generated by any external device but only by density 

differences in the fluid caused by temperature gradients.  

There is a very simple example of free convection which is called Rayleigh-Bénard convection. As can 

be seen in Figure 2-1, a liquid layer is infinitely extended in the horizontal plane under the effect of 

gravity, heated from below. Its lower side is heated to temperature T1 and its upper side is kept at the 

temperature T2. When a critical temperature difference between the boundary layer is exceeded, 

straight convection rolls form. The longitudinal axes of these steady convection rolls are horizontal 

and ordered periodically next to each other. This process is also known as thermal cellular convection.  

https://en.wikipedia.org/wiki/Temperature_gradient
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Figure 2-1 Thermal cellular convection [18] 

2. Phase change

Energy exchange of sensible heat contributes most when there is no phase change in fluids, while 

latent heat plays a very important role in energy exchange. In condensation and boiling, releasing and 

absorbing latent heat plays the main role, which can be applied to heat pipe and boiling system. 

Figure 2-2 shows the example of pool boiling for water at 1 atm as working liquid. The heat flux from 

a hot surface to water depends on the temperature difference between the surface and the saturation 

temperature. When the temperature difference is not very large, free convection dominates the flow 

of water. Along with the increase of temperature difference, boiling on the surface occurs. Bubbles 

begin to form and dissipate into water. In this region which is called nucleate boiling, the heat flux 

becomes larger and larger. At a certain moment, some bubbles appear so intensively that they gather 

together and travel in small columns. This moment is defined as departure from nucleate boiling 

(DNB). Before the film is formed, the maximum heat flux is called critical heat flux (CHF). Since the 

temperature difference increases, bubbles form so quickly that vapor films that cover the surface form 

with isolated bubbles altogether. This region is the film-boiling transition region. After the Leidenfrost 

point, stable film covers the whole surface. As results of the fact that thermal resistance of films 

causes a reduction in heat flux, the heat flux could decrease before the Leidenfrost point and the 

temperature of surface would rapidly increase after the Leidenfrost point. In reality we should avoid 

the appearance of vapor film and maintain nucleate boiling by controlling the heat flux under the 

CHF or DNB. This is an example for water. For other liquids, they share the same rule on the whole. 

[19]
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Figure 2-2 Boiling curve for water at 1 atm [20] 

3. Instabilities and turbulent flows

Knowledge from Fluid mechanics tells us that there are two kinds of flow: laminar flow and turbulent 

flow. When a viscous fluid flows through long straight tubes at comparatively high speeds, the flow 

will become full of irregular eddying motions (or turbulent). Under the same circumstances, the heat 

exchange in turbulent flow happens more fiercely than in laminar flow, and put more instability in the 

system. [18] 

4. Geometries of the convection surface

The geometries here include many parameters. The shape and size of the surface where heat exchange 

happens are important. Whether the surface is smooth or rough also has an impact on the flow. 

Furthermore, the relative position and relationship of surface to the flow can be more easily realized. 

In most classical literature of heat transfer, forced convection is usually described by internal flow and 

external flow, while in the field of natural flow, for example, whether the hot surface is placed 

upwards or downwards changes the flow in different ways.  

5. Properties of liquids

As to working liquids, their properties directly influence heat exchange. Taking forced convection for 

example, the density, heat capacity, dynamic viscosity and thermal conductivity, etc. all can influence 

the flow of liquids and heat exchange. The heat transfer would be strengthened by the increase of 

thermal conductivity. However, since the Navier-Stokes equation is non-linear, it is very difficult to 

come to such a conclusion like the heat transfer will be for sure enhanced by increasing a certain 

property of the liquid.   
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 Different liquid cooling systems  

For designing a certain liquid system, there are some different approaches. 

Since the technology of air cooling system is so advanced and stable, engineers can first try to imitate the 

existing and mature technology by introducing a homogenous single-phase liquid system to cool 

electronics. Although the properties of fluids including density, viscosity, heat capacity etc. are quite 

different from air in most cases, the analysis on fluid mechanics and heat transfer are virtually the same.  

The hot air around working computers leads to natural convection whose place has soon been taken by 

forced-convection air cooling by thermal designers due to the rapid increase in heat dissipation. But for 

liquid cooling, not only can forced-convection be considered, but also natural convection. To put a 

computer directly in a certain kind of dielectric liquid with controlling the temperature of the liquid might 

be a simple, reliable and efficient system. 

On the other hand, the two most important phenomena for liquids are condensation and boiling of which 

can also be taken advantage to design a two-phase system. In fact, liquid’s latent heat of vaporization 

during boiling heat transfer tends to be much larger than its heat capacity. Those properties of liquids have 

been utilized by engineers in fields associated with power cycles and refrigeration systems for both cooling 

and heating systems. The experience and knowledge can be applied for cooling electronics. 

Engineers and scientists in this field are used to classifying different liquid cooling systems by to what 

extent the working liquid contacts computers. Those systems include indirect, direct and immersed (total) 

cooling system whose schematic structures will be explained and described in the following paragraphs.  

2.3.1 Indirect cooling system 

Indirect liquid cooling systems are systems in which liquid is not in contact with the electronics. The heat 

can be transferred to the liquid by conduction first through some other intermediate media. Metal material 

like copper and aluminum is usually used.  

It can be realized by putting the heat sink over the heat source into forced liquid flow instead of forced air 

flow. The heat transfer is then much better than air cooling. An example of an indirect liquid cooling 

system is shown by Figure 2-3, in which the green part is a PCB, the grey part is a warm component and 

only the black heat sink is immersed in the forced liquid flow. 

 

Figure 2-3 An example of indirect liquid cooling 

The heat pipe is an archetypal indirect liquid cooling technology which was considered novel but is now 

widely accepted. [19] 

Heat pipe makes use of heat transfer by change of media’s phase. The condensable liquid in the heat pipe 

is first evaporated by the component that needs to be cooled; the vapor then migrates due to an increase 

in vapor pressure. The liquid is condensed in the cold side and brought back to the hot side through 

capillary forces in the wick. In the cold side heat needs to be taken away and this can be done either by air 

or by some liquid. Figure 2-4 explains how the liquid move inside a heat pipe.  
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Figure 2-4 A schematic diagram for a heat pipe 

2.3.2 Direct cooling system  

Most research in liquid cooling of electronics that has been done is about direct cooling systems, which 

has been introduced in the literature review. Pure natural convection, mixed convection, laminar forced 

convection and turbulent forced convection can all be utilized to direct cooling.  

A direct liquid cooling system can be realized by exposing the warm component directly to the liquid 

while the PCB is still outside the liquid. An example of a direct liquid cooling system is shown by Figure 

2-5, and Figure 2-6 An example of a single -phase liquid cooling system shows a complete scheme for a 

single-phase liquid cooling system by K. W. Tou, G. P. Xu, and C. P. Tso [13]. 

 

Figure 2-5 An example of direct liquid cooling 

 

Figure 2-6 An example of a single -phase liquid cooling system [13] 
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Almost all the researchers exposed the heat sources such as processors directly to working liquid while 

isolating PCB from the liquid. We can barely understand why no researchers have put the whole PCB into 

the liquid since the liquid is already dielectric. Furthermore, some articles have already asserted that the 

protruding effect can enhance the heat transfer. [13] As shown by Figure 2-7, the A with protrusion has 

bigger heat transfer coefficient than that of B. Actually, if we expose both hot components and PCB to 

the flowing liquid, there will be natural protruding effect without any efforts.  

 

Figure 2-7 The comparison between component with and without protruding effect in direct liquid cooling technology 

2.3.3 Immersed (total) cooling system 

In immersed liquid cooling systems, the whole PCB with electronic components altogether are placed 

inside the liquid, as can be seen in Figure 2-8.  

In order to increase the convective heat transfer, forced flow over the PCB can be made to help removing 

the heat from the warm electronic components. The temperature of the surface of the components needs 

to be maintained under the boiling point of the dielectric liquid.  

 

Figure 2-8 An single-phase immersed liquid system combined with forced convection 

2.3.4 Two-phase cooling system 

For all those systems which have been introduced from indirect, direct and immersed(total) liquid cooling, 

two-phase systems all can be applied by increasing the temperature of the components over the boiling 

point of the liquid. A condenser needs to be placed somewhere inside the system to transform the gas into 

liquid.  Figure 2-9 shows an example of a two-phase system with immersed liquid cooling. 
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Figure 2-9 A two-phase immersed liquid system combined with forced convection  

Figure 2-10 shows another possibility of a two-phase system where no forced flow is needed. The whole 
process of the transformation of the working liquid happens in a hermetic box with the help of a grey 
condenser through the box. 

 

Figure 2-10 A two-phase system in a hermetic box 

3 Experimental set-up 

 Test board 

The left part of Figure 3-1 shows the electronic component we used for our experiment. The component 

is 4.2 cm wide and 3.8 cm long, and a thermocouple which is embedded to the center of the component’s 

surface for measuring the temperature there. In fact, as we can guess and as the later experiment shows, 

the temperatures on different part of the surface are not the same during the process of heat transfer. 

Under the condition that we can only measure the temperature in the center of the surface, we have to 

assume that the temperature is the same everywhere over the component’s surface. This assumption is 

probably valid as the component lid consists of pure copper with high thermal conductivity. One could 

object that we can avoid the assumption by putting more thermocouples to measure more temperatures 

on different places, but in order to mathematically describe and analyze the heat transfer, this assumption 

is still necessary to be considered even if it is possible to know how the temperature is distributed in 

reality.  

The right part of Figure 3-1 shows how the component is mounted on the test board. Through the test 

board, the component can get power feeding and therefore become warmer based on Ohm's law. The 

electronic component is made of the same material as a real electronic component, which means that it is 

only an electrical resister unable to be performed in an information system.  
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Figure 3-1 The electronic component with the test board 

During the experiment, a large number of data about the test board has been collected, through which we 

can acquire the resistance-temperature characteristic and current-voltage characteristic.  

 

Figure 3-2 Resistance-temperature characteristic 

According to the result in Figure 3-2, the resistance-temperature characteristic is very close to a linear 

curve with some small fluctuations and several exceptions. Eq. 3-1 is the correlation for the resistance-

temperature characteristic. 

𝑹 [Ω] =  𝟎. 𝟎𝟏𝟕𝟔 · 𝑻𝒘 [°𝑪] + 𝟑. 𝟓𝟗  Eq. 3-1 
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Figure 3-3 Current-voltage characteristic 

As can be seen in Figure 3-3, the current-voltage characteristic shows that the resistance of the electronic 

component becomes larger along with the increase in voltage and current. This can be compared to the 

yellow dashed line which indicates a constant resistance.  What is necessary to mention is that there are 

some obvious fluctuations when the voltage over the component is larger than 52V, and at the same time 

the temperature of the surface is higher than 114°C. This moment occurs in the experiment of two-phase 

liquid cooling which is shown on the right side of the brown vertical line. 

 Air cooling 

3.2.1 System  

The system for testing air cooling is provided by Ericsson, and can be seen in Figure 3-4. The thermal 

design unit of Ericsson has been making use of this installation for both testing and designing air cooling 

for 15 years.  
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Figure 3-4 The system for testing air cooling 

3.2.2 Experiment  

In attempting to acquire both practical and theoretical result, we design two experiments. One of them is 

to put the test board under certain conditions that the design of air cooling can be practically applied. The 

other one is try to analyze the thermal resistance of the system by setting up a wide range of velocities of 

air over the test board.  

We make the size and shape of air flow channel as close as possible to the geometry of the test section of 

liquid cooling system which is going to be described in detail later in 3.3.1. By doing this, it could be more 

reasonable to make comparisons between air cooling and liquid cooling. 

 Part 1 Different power inputs to the component with fixed flows 

In the first experiment, we vary the heat flux from the test board by changing the voltage over the 

component at fixed velocities. Velocities 0, 1.08, 2.01, 3.04 and 4.05 m/s are tested, whose range 

are approximately the same as engineers in Ericsson try to maintain within. With voltage 

increasing, we control the highest temperature to be around 80 degrees Celsius during the 

experiment, because according to the experience of a senior thermal designer, the temperature 

over electronic components should be controlled under 75 degrees Celsius.  

 

 Part 2 Different flows with same power input to the component 

In the second experiment, we set the voltage over the test board as 6.43V at the beginning. 

Although it is best to have same heat flux all the time with different air flows, it is almost 

impossible to maintain the same power of electricity supply due to the fact that the resistance 

varies with the temperature. The flow is controlled from 0-9 m/s, which is much faster than 

practical air cooling for electronics.  

3.2.3 Measurement 

 Flow measurement 

There are three fans that can work both separately and together to control the flow of air into the 

air flow channel. A laminar friction flow meter combined with a pressure difference meter is used 
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in this installation, which can be seen in Figure 3-5. The flow rate of the air can be directly read 

through the meter. 

 

Figure 3-5 The laminar friction flow meter with the pressure difference meter 

The average velocity passing the cross section of the inlet is then used for estimating the 

velocity over the component. Figure 3-4 shows where the inlet of the air flow channel lies and 

Figure 3-18 shows the size of the cross section. The Cross-sectional area of the plastic box: 

150·28= 4200 mm2 

 

Figure 3-6 The cross section of wind tunnel  

 Circuit measurement 

The circuit is a very basic series circuit with a power supply. An amperemeter and a voltmeter are 

used for measuring the electric current passing through and voltage over the electric component. 

Figure 3-7 shows how the circuit is set up. 

 

Figure 3-7 The electric circuit diagram 

 Temperature measurement  

Type K thermocouples are used for temperature measurements along with a digital reader for 

obtaining data. The principle of thermocouples is mainly based on the Seebeck effect. When a 

temperature difference occurs across a certain kind of material, a thermoelectric voltage will be 

induced. This phenomenon is called the Seebeck effect. A thermocouple is usually a circuit which 



-25- 
 

is composed of two dissimilar metals with different Seebeck coefficients connected together. If 

the connecting junctions are at different temperatures, a current will be induced according to the 

Seebeck effect, whose principle is illustrated by Figure 3-8. With a volt-meter in the circuit, an 

electric potential, proportional to the temperature difference, can be detected. 

 

Figure 3-8 The principle of a type K thermocouple [21] 

Because of the ventilation system in the laboratory and people’s movement inside and outside the 

laboratory, the ambient temperature varies all the time. We measure the temperature of the 

component on component’s surface as Tw along with measuring the inlet temperature of liquid as 

T∞. Figure 3-9 Figure 3-19 The temperature measurement of liquid coolingexplains where the 

thermocouples are placed. During the experiment, the temperature difference Tw and T∞, as ∆T, is 

directly measured with the digital thermometer as well. 

 

 
 

Figure 3-9 The temperature measurement of air cooling 

As can be seen in Figure 3-10, the meter on the left side is a digital voltmeter, whose screen shows the 

voltage over the component which is 4.468V at that time. The meter in the middle is a digital 

amperemeter, whose screen shows the current passing the component which is 1.047A. The meter on the 

right side is a digital thermometer, whose screen indicates both the ambient temperature and component’s 

temperature simultaneously. The larger reading 36.5°C is the temperature of the component while the 

smaller reading 22.0°C is the ambient temperature. The unit under the three meters is the power supply. 
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Figure 3-10 How to acquire the data of the experiment 

 Single-phase immersed liquid cooling 

3.3.1 System  

The immersed cooling system consists of two separate branches, as shown by Figure 3-11.  

The liquid Novec 7200 is controlled in the main branch. This branch is composed of a test section where 

the test board immersed in the liquid, a reservoir, a heat exchanger, a pump and a flowmeter. 

In the other branch, water is used for cooling down the warm liquid after cooling the test board through a 

condenser and a heat exchanger.  The warm liquid is mostly cooled by the heat exchanger while the gas 

will be condensed by the condenser which is inside the reservoir if boiling occurs. The warm water after 

the condenser and the heat exchanger will be balanced by a chiller. 

In order to test the feasibility of two phase systems, an expansion vessel is placed on the reservoir to 

control the pressure in the running system. 
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Figure 3-11 Schematic overview of the liquid cooling system 

 Pump: 

The pump (Figure 3-12) is used for transferring and circulating the liquid from one section to 

another. It can also adjust the flow to different velocities of the flow via its lever in five speed 

settings. In reality, we can have more velocities by bending and narrowing the tubes to throttle 

down the velocity. The two approaches can be combined to have so many velocities as 

possible. 

 

 

Figure 3-12 The pump 
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 Test section: 

Figure 3-13 shows the structure of the test section and where the test board is placed in it. The 

test section is placed vertically and therefore the liquid comes from the bottom of the section 

upwards passing the warm electronic components, by which the gas formed from boiling can 

be more easily transferred along with the flow. 

 

Figure 3-13 The test section 

 Reservoir and condenser: 

The space in the reservoir is large enough to contain all the working liquid when the system is 

not working. The condenser is placed inside the reservoir over the liquid, which can be seen in 

Figure 3-14. The gas entering the reservoir can be condensed by the condenser through which 

there is cold water flow. According to the observation of the experiment, the gas turned out to 

be able to be moved easily and condensed efficiently by the proper design of the whole system. 
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Figure 3-14 The reservoir and condenser 

 Flowmeter:  

The flowmeter can be seen in Figure 3-15 which is a common impeller flowmeter with 

measuring range between 30- 3000 l/h within an accuracy of 2% according to the user’s 

manual. 

 

 

Figure 3-15 The flowmeter 

 Heat exchanger: 

The heat exchanger can be seen in Figure 3-16. It is a plate heat exchanger through which the 

warm liquid and cold water exchange heat with each other. 

                  :  

Figure 3-16 The heat exchanger 



-30- 
 

 Chiller: 

The chiller which can be seen in Figure 3-17 is used for maintaining the water for both the 

condenser and the heat exchanger cold enough.  

 

Figure 3-17 the chiller 

 Expansion vessel 

The gas formed in this experiment is so limited that a big expansion vessel is not necessary for 

this system. A balloon is put over the reservoir as expansion vessel to keep the pressure inside 

the reservoir the same as that of the atmosphere. 

3.3.2 Experiment 

The experiment for single-phase liquid cooling is very close to that of air cooling but the speed of the flow 

of the liquid is much smaller than that of the air. The experiment also consists of two parts. One of them 

is to put the test board inside flows with several different velocities. The other one is try to analyze the 

thermal resistance immersed in the liquid by setting up a wide range of velocities of the liquid over the test 

board.  

 

 Part1 Different power inputs to the component with fixed flows 
In the first experiment, we vary the heat flux from the test board by changing the voltage over the 
component at fixed velocities. According to the knowledge from heat transfer, changing in lower 
velocities have a greater impact on heat transfer than that in higher velocities. Therefore, we 
conduct three tests under the velocity of 10 cm/s which corresponds to Reynolds number of 
about 7000. These three velocities are 6.45, 6.75 and 7.98 cm/s. The other four tests are at the 
velocities of 10.47, 17.11, 22.36 and 28.52 cm/s. The largest velocity (28.52 cm/s) in this 
geometry corresponds to a Reynolds number of 19551. This time, we still try to control the 
highest temperature to be around 80 degrees Celsius, by which we can more easily make practical 
comparisons between air cooling and immersed liquid cooling. That is also why the geometry of 
the experiment with air cooling is made as close as possible to that with liquid cooling. 
 

 Part2 Different flows with same power input to the component 
In the second experiment, we set the voltage over the test board as 15.84V at the beginning. 

Whether the experiment can be successful depends to a great extent on whether we can acquire 

data from a wide range of velocities of flows. The velocity is controlled from 5.07-28.63 cm/s. 
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3.3.3 Measurement 

 Flow measurement 

In attempt to estimate the velocity over the component, we put the test board as far away as 

possible from the inlet of the test section. We therefore estimate it by calculating the average 

velocity passing the cross section. Figure 3-18 shows the size of the cross section. The Cross-

sectional area of the plastic box: 150·28= 4200 mm2. 

 

Figure 3-18 The cross section of the test section 

 Circuit measurement 

The circuit measurement for liquid cooling is the same as that for air cooling, which has been 

explained in 3.2.3.  

 

 Temperature measurement 

We measure the temperature of the component on component’s surface as Tw along with 

measuring the inlet temperature of liquid as T∞. Figure 3-19 explains where the two 

thermocouples are placed. During the experiment, the temperature difference Tw and T∞, as 

∆T, is also read from the digital thermometer. 

 

Figure 3-19 The temperature measurement of liquid cooling 

 Two-phase immersed liquid cooling  

We test the two-phase immersed liquid cooling with the same system of the single-phase experiment. We 

increase the temperature of the component over the boiling point of the working liquid by increasing the 

power input to the test board. According to the information given by the manufacturer of the liquid, the 

boiling point is 76 °C. [15] We begin the experiment at the temperature of 40 °C before boiling occurs in 

order to find all those important stages in the whole process of boiling. The power supply is increased and 

decreased both gradually and alternatively for the same purpose. Nucleate boiling, transition process and 

film boiling along with the departure from nucleate boiling (DNB) are all expected to be found. 

The speed of the flow is controlled at the lowest speed we can to avoid too much influence from 

convection. Another reason for doing that is that the velocity of the flow does not influence convection 
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greatly in liquid cooling, according to the result from the single-phase experiment which will be explained 

in 5.3. 

The circuit measurement is by the same approach which has been described in 3.2.2 in air cooling 

experiment. The temperature and flow measurement is conducted by the same approach which has been 

introduced in 3.3.3. 

Because the whole process is a dynamic process, it is very difficult to measure and collect a great number 

of data for later analysis during the experiment. In order to overcome this difficulty and analyze the data 

even more accurately, we use two cameras to take films of the components immersed in the liquid and 

measurement devices simultaneously, as can be seen in Figure 3-20.    

 

Figure 3-20 Two cameras recorded the measurement and boiling process simultaneously. 

  



-33- 
 

4 Results  

 Air cooling  

 Part 1  

Eq. 4-1 is used for calculating the power input (P) to the electronic component.  

𝑷 = 𝑼 · 𝑰   Eq. 4-1 

Table 4-1 shows the measurement collected from the experiment and calculation afterwards. 

Table 4-1 Result of different power inputs to the component with same flows 

v [m/s] P [W] ∆T [°C] v [m/s] P [W] ∆T [°C] 

0.00 9.74 61.2 3.04 26.40 55.6 

 7.78 52.4  22.44 46.8 

 5.36 38.2  17.49 36.6 

 3.60 27.6  12.38 25.3 

 2.11 17.4  8.41 17.3 

 0.97 9.3  5.82 12.5 

   
   

1.08 19.66 62.4 4.05 29.58 56.8 

 
15.10 47.4  24.05 46.2 

 
12.19 38.7  17.58 33.8 

 
8.09 25.0  12.49 24.0 

 
5.76 17.6  8.37 16.1 

 
3.08 8.9  4.77 9.0 

      

2.02 24.62 60.2    

 18.94 46.6    

 15.53 38.3    

 11.02 26.7    

 8.30 19.9    

 4.79 10.7    
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Figure 4-1 shows the relationships between the power input to the component and 

the temperature difference for different velocities.

Figure 4-1 P-∆T diagram of air cooling 

According to observation from those different measurements with the same velocity of a flow, it 

indicates a strong tendency for linear relationship between the temperature difference and power 

input. Table 4-2 shows those correlations of the measurement. 

Table 4-2 Correlations for air cooling 

v [m/s] Linear function 

0.00  ∆T= 5.95P + 5.04 

1.08  ∆T= 3.22P - 0.98 

2.02  ∆T= 2.50P - 0.92 

3.04  ∆T = 2.10P - 0.24 

4.05 ∆T = 1.92P - 0.08 

 Part 2

Eq.4-2 shows how the Reynolds of the flow can be acquired where v is the velocity of the air flow 

the characteristic length is represented by the height of the test section and ν is the kinematic 

viscosity of the air. The characteristic length (Lt) is 0.028m and the kinematic viscosity of the air is 

estimated as 1.51·10-5m2/s at 20°C. [22] 

𝑹𝒆 =
𝒗·𝑳𝒕

𝝂
Eq. 4-2 

Eq.4-3 shows how the thermal resistance (Rth) can be obtained by calculating the ratio of 

temperature difference (∆T) and power input to the component (P). 

𝑹𝒕𝒉 =
∆𝑻

𝑷
Eq. 4-3 

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30 35

∆
T 

[°
C

]

P [W]

0,00 1,08 2,02 3,04 4,05



-35- 
 

Table 4-3 shows the measurement collected from the experiment and calculation afterwards. 

Table 4-3 Results of different flows with same power input to the component 

v[m/s] P [W] ∆T [°C] Re[-] Rth[°C/W] 

0 8.47 56.00 0 6.61 

0.0027 8.47 56.00 5 6.61 

0.0093 8.47 55.50 17 6.55 

0.0132 8.48 55.20 24 6.51 

0.0152 8.48 55.10 28 6.49 

0.0192 8.49 54.50 36 6.42 

0.0238 8.49 54.30 44 6.40 

0.0284 8.50 54.00 53 6.35 

0.0351 8.51 53.70 65 6.31 

0.0456 8.52 52.80 85 6.20 

0.0542 8.53 52.50 100 6.16 

0.0675 8.55 51.90 125 6.07 

0.0827 8.56 51.20 153 5.98 

0.1052 8.59 50.10 195 5.83 

0.1323 8.63 48.60 245 5.63 

0.1858 8.70 46.00 344 5.29 

0.2388 8.76 43.70 443 4.99 

0.3419 8.82 41.20 634 4.67 

0.4405 8.91 38.20 816 4.29 

0.6038 8.99 35.40 1119 3.94 

0.8651 9.09 31.40 1603 3.45 

1.1561 9.16 28.00 2142 3.06 

1.5046 9.22 25.20 2788 2.73 

1.9669 9.27 22.30 3645 2.41 

2.5774 9.30 20.30 4776 2.18 

3.2758 9.37 18.50 6070 1.97 

4.1726 9.37 17.00 7732 1.81 

5.3585 9.42 15.40 9930 1.63 

6.5271 9.51 14.40 12095 1.51 

8.9127 9.56 12.40 16516 1.30 
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Figure 4-2 shows how the thermal resistance of the system decreases with the increase in Renoylds 

number in the air flow channel. 

 

Figure 4-2 Re-Rth diagram of air cooling 

 Single-phase liquid cooling 

 Part 1 

Table 4-4 shows the measurement and result of those flows’ velocities.  

Table 4-4 The flow rates and velocities over the component of Part 1 

Flow  Period 

[s] 

 volume 

[m3] 

Flow rate 

[·10-5 m3/s] 

Velocity 

[cm/s] 

1 701 0.019 2.71 6.45 

2 388 0.011 2.84 6.75 

3 328 0.011 3.35 7.98 

4 1251 0.055 4.40 10.47 

5 1111 0.083 7.47 17.11 

6 1033 0.097 9.39 22.36 

7 860 0.103 12.00 28.52 
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Table 4-5 shows the result of the measurement and calculation of the power input to the 

component and the temperature difference under seven velocities from 6.45 m/s to 28.52 m/s. 

Table 4-5 Result of different power inputs to the component with same flows 

V [m/s] P [W] ∆T [°C] V [m/s] P [W] ∆T [°C] 

6.45 67.93 49.9 17.11 83.95 49.0 

51.55 41.0 69.34 45.0 

42.21 38.1 59.23 40.3 

27.52 27.2 44.01 35.2 

14.47 15.8 29.85 25.6 

9.03 10.0 21.17 19.3 

15.30 14.7 

6.75 71.94 49.6 9.50 10.8 

59.45 43.0 

43.90 37.9 22.36 99.52 48.2 

32.90 31.2 85.76 47.0 

19.71 19.8 66.12 41.1 

10.17 11.5 52.18 36.1 

35.12 27.6 

7.98 67.12 52.0 21.71 18.9 

54.01 44.4 15.30 14.9 

39.26 35.2 10.74 10.0 

24.80 24.4 

8.62 10.8 28.52 102.07 50.2 

88.48 47.0 

10.47 84.12 49.5 68.15 41.6 

65.41 43.3 45.76 33.0 

45.60 36.0 28.34 22.7 

33.28 29.2 19.26 16.6 

19.97 19.0 11.39 10.3 

14.91 16.8 83.95 49.0 

10.82 11.7 69.34 45.0 
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Figure 4-3  shows the relationships between P (power input to the component) and ∆T (the 

temperature difference between the component’s surface and inflow liquid).  

Figure 4-3 P-∆T diagram of single-phase liquid cooling for different velocities 

 Part 2

Table 4-6 shows the measurement and result of those flows’ velocities. 

Table 4-6 The flow rates and velocities over the component of Part 2 

Flow Period 
[s] 

volume 
[m3] 

Flow rate 
[·10-5 m3/s]

Velocity 
[cm/s] 

1 47 0.001 2.13 5.07 

2 62 0.0015 2.42 5.76 

3 71 0.0018 2.54 6.04 

4 60 0.0015 2.50 5.95 

5 74 0.0019 2.57 6.11 

6 56 0.0036 6.43 10.71 

7 58 0.0035 6.03 14.37 

8 95 0.0071 7.47 17.79 

9 107 0.0096 8.97 21.36 

10 84 0.008 9.52 22.68 

11 69 0.007 10.14 24.16 

12 79 0.0095 12.03 28.63 

The Reynolds of the flow can also be acquired by Eq. 4.2 where v is the velocity of flow, the 

characteristic length is represented by the height of the test section as 0.028m and the kinematic 

viscosity (ν) of Novec 7200 is 4.08·10-7m2/s at 25°C. [15] The thermal resistance (Rth) can be 

obtained by Eq. 4-3. 
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Table 4-7 shows the measurement collected from the experiment and calculation afterwards. 

Table 4-7 Results of different flows with same power input to the component 

v [cm/s] P [W] ∆T[°C] Re[-] Rth[°C/W] 

5.07 53.57 46.2 3476 0.86 

5.76 53.60 46.0 3949 0.86 

6.04 53.59 45.5 4141 0.85 

5.95 53.59 45.2 4080 0.84 

6.11 53.51 47.4 4191 0.89 

10.71 53.81 44.8 7345 0.83 

14.37 54.00 43.3 9850 0.80 

17.79 54.22 42.3 12198 0.78 

21.36 54.28 42.8 14644 0.79 

22.68 54.41 41.8 15545 0.77 

24.16 54.31 40.8 16559 0.75 

28.63 54.52 39.1 19628 0.72 

 

Figure 4-4 shows how the thermal resistance of the system immersed in the liquid decreases with 

the increase in Renoylds number. 

 

 

Figure 4-4 Re-Rth diagram of air cooling 

 Two-phase liquid cooling 

Table 4-8 shows the measurement and result of the flow’s velocity. Since in boiling cooling the latent heat 

exchange dominates the heat exchange instead of sensible heat exchange, we set the velocity of the flow at 

a quite low level. 

Table 4-8 The flow rates and velocities over the component of boiling cooling 

Period  
[s] 

 volume 
[m3] 

Flow rate 
[·10-5 m3/s] 

Velocity 
[cm/s] 

1340 0.036 2.69·10-5 6.39 

A selection of data for all the important and expected observations from our experiment is compiled in 

Table 4-9. 

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0,90

1,00

0 5000 10000 15000 20000 25000 30000

R
th

[°
C

/W
]

Re [-]



-40- 
 

Table 4-9 The process of boiling cooling 

Tw [°C] P [W] Situation  

74.9 74.86 First bubbles occur in the middle of the component.  

84.5 167.68 
Separate bubbles occur everywhere over the 
component. 

Onset of boiling  

90.1 226.22  Nucleate boiling 

94.6 265.29   

100.7 327.79   

105.5 384.77   

107.9 407.43 Separate bubbles form into columns DNB 

111.3 461.73 
Films occur in the middle of the component along 
with columns. 

CHF 

123.9 532.04 Films dominate the center of the component. Film boiling 

142.8 546.62   

153.1 585.53 Films dominate a larger area.  

143.3 534.65   

125.0 512.01 Columns occur again along with films.  

114.1 475.22 Obvious films disappear. CHF 

107.3 392.62 Columns disappear DNB 

101.5 323.87  Nucleate boiling 

95.5 272.23   

90.5 233.13   

81.3 148.02 Bubbles disappear in the center of the component. End of boiling 

65.8 82.99 
There is no obvious boiling in the center of the 
component. 

 

78.6 140.12 Bubbles disappear in the center of the component. End of boiling 

85.8 194.90  Nucleate boiling 

91.5 247.81   

98.0 313.96   

103.9 379.10   

106.0 410.48 
Films occur in the middle of the component along 
with columns. 

CHF 

108.2 444.87 Separate bubbles form into columns. DNB 

120.4 530.88 Films dominate the center of the component. Film boiling 

129.2 543.75   

147 573.37 Films dominate a larger area.  

136.4 537.61   

125.5 534.91 Columns occur again along with films.  

111.2 470.41 Obvious films disappear. CHF 

107.5 411.34 Columns disappear. DNB 

102.2 354.99  Nucleate boiling 

92.8 259.31   

90.3 233.88   

79 143.96 
Bubbles disappear in the center of the component 
around this moment. 

End of boiling 
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As we started to increase the power to the component the first small bubbles started to occur from a 

single nucleation site in the middle of the component already below 75 °C. As the temperature increased 

more nucleation sites started to occur up until 82 °C where the whole surface was covered by nucleation 

sites and this is the moment we consider as the onset of nucleate boiling. Part A in Figure 4-5 shows the 

nucleate boiling. 

Along with the increase in the power input, bubbles became larger and at 107°C we could see that bubbles 

started to form columns of vapor. This is the moment that we consider as the departure from nucleate 

boiling (DNB), which can be seen in part B in Figure 4-5. 

When the temperature of the component reached 111.3 °C some films over the surface occurred along 

with columns on the surface of the component. This point is considered to be the critical heat flux (CHF) 

around 470 W. This phase of boiling is considered as transition, which can be seen in part C in Figure 4-5. 

The continuous increase in power input soon resulted in vapor films dominating a large area of the center 

of the component’s surface around 123.9 °C. This phase is considered as film boiling regime which can be 

seen in part D in Figure 4-5. Since the films of vapor hinders the liquid from being in contact with the 

components’ surface, the increase in power input to the electronic component had a great impact on the 

temperature of the component’s surface during the transition phase.  

Since the nuleate boiling is of greatest intrest and practicle value, the average thermal resistance (Rth) of 

the phase of boiling has been also acquired as 0.27°C/W while the renolyds number (Re) of the flow is 

4381. 

 

Figure 4-5 Difference phases of boiling cooling on the electronic component 
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In the film boiling regime the component was very sensitive to power changes and a little increase resulted 

in a much larger area of film in the center. After the temperature of the component’s surface reached 150 

°C, we decreased the power input to the component in order to decrease the temperature and observing 

what happened during this decrease.  

As the temperature reached 125 °C columns started to appear again. At a temperature of 114.1 °C obvious 

film disappeared and the surface were mostly covered by columns, this is the same point as were we earlier 

identified as the CHF. 

At 107.3 °C columns disappeared and nucleate boiling began again. Nucleate boiling could be seen until 

the temperature reached 81.3 °C and bubbles started to disappear in the center.  

The temperature was taken down to 65.8 °C for going through process of boiling again to ensure that 

nothing important had been overlooked, whose result can be seen in Table 4-9. 

 

Figure 4-6  The boiling curve of Novec 7200 

Figure 4-6 is the boiling curve acquired from the experiment. Here are some important points on the 

curve: 

 Onset of boiling  

Nucleate boiling occurs at the temperature of 82°C, corresponding to an excess temperature of 

around 6°C, which can be seen as the yellow circle. 

 Departure from nucleate boiling (DNB) 

The departure from nucleate boiling is approximately 107°C, when the heat flux is about 400W, 

corresponding to 2.51·105 W/m2, which can be seen as the grey circle. 

 Critical heat flux (CHF) 

The critical heat flux is around 470W on the test board, corresponding to 2.94·105 W/m2, at the 

temperature of 110°C, which can be seen as the orange circle. 

 Stable film boiling: 

In our experiment, the border between transition and stable film boiling is at the temperature of 

123°C. 
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5 Discussion and comparison  

 Uncertainty analysis  

5.1.1 Uncertainty of the measurement 

During the measurement, most accuracies of the measurement are given by those meters’ manufacturer 

while the reading of length with a pair of calipers and the reading of moment with a clock requires the 

estimation of a uniform probability distribution. The standard uncertainty of a uniform probability 

distribution is shown by Eq. 5-1 where k is the measurement reading and a is the uniform rounding error. 

𝒖(𝒌) =
𝒂

√𝟑
   Eq. 5-1 

 Temperature 

The temperature measurement is conducted with a Fluke 52 II thermometer by Fluke 

Corporation which is a microprocessor-based, digital thermometer. According to the information 

by the thermometer’s manufacturer, the measurement accuracy is ± [0.05 % of reading + 0.3 °C].  

The accuracy of those type K thermocouples supplied with the thermocouple is ± 1.1 °C when 

the temperature ranges from -40 °C to +260 °C. [23] The thermocouple combined with 

thermocouple in our measurement leads to an uncertainty of ± [0.05 % of reading + 1.4 °C] in 

the measurement of the temperature of component, the ambient temperature, the temperature of 

the inflow liquid and the temperature difference. 

 

 Length  

The estimation of those sizes of the electronic component, the plastic box, the cross section of 

the geometry requires the length measurement. All the lengths are measured by a pair of calipers 

whose smallest mark is 1mm. when applying the smallest mark to Eq. 5-1, a is estimated as 

0.5mm. The measurement of the cross section for both air cooling and liquid cooling: the length 

of the inlet is (150± 0.29) mm; the width of the inlet is (28± 0.29) mm. The measurement of 

component’s surface: the length of the component is (42± 0.29) mm, the width of the component 

is (38± 0.29) mm. 

 

 Electric circuit 

The electric circuit measurement including measurement of DC voltage and current is conducted 

with a Fluke 175 true-RMS multimeter by Fluke Corporation. According to the information of 

the multimeter’s manufacturer, the measurement accuracy is ± 0.15 % of reading for DC Volts 

and ± 1% of reading for DC Amps. [24] 

 

 Time 

The time measurement is conducted for estimating the velocity of the flow of the liquid. Both the 

starting and ending moment of each measurement of flow are read by a clock with a second hand. 

When applying a second to Eq. 5-1, a is estimated as 0.5s. The accuracy is therefore ±0.29s. 

 

 Flow of the liquid 

The flowmeter used for measuring the flow has been introduced in 3.3.1 whose accuracy is ±2%. 

 

 Flow rate of the air flow 

The flow rate can be read through SwemaMan 80 by company Swema. According to the 

information by its manufacturer, the accuracy is ±0.3% when the ambient temperature is between 

0 and 50°C. [25] 
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5.1.2 Uncertainty of calculation  

The propagation of uncertainties of the calculation in our data analysis deals with sums, differences, and 

products and quotients.  

Supposing that 𝛿x, …, 𝛿w are measured with uncertainties with,…, 𝛿w, Eq. 5-2 shows an example of how 

the sums and differences are combined while Eq. 5-4 shows how products and quotients are combined. If 

the uncertainties in those measurements x, …,z, u,…, w are all independent and random, the uncertainty 

can be expressed by the Root Sum Square (RSS). Eq. 5-3 and Eq. 5-5 shows how the uncertainty in q and 

fractional uncertainty in q can be calculated by RSS. 

𝒒 = 𝒙 +∙∙∙ +𝒛 + 𝒖 +∙∙ +𝒘   Eq. 5-2 

𝜹𝒒 = √(𝜹𝒙)𝟐 +∙∙∙ +(𝜹𝒛)𝟐 + (𝜹𝒖)𝟐 +∙∙∙ +(𝜹𝒘)𝟐 Eq. 5-3 

 

 𝒒 =
𝒙×∙∙∙×𝒛

𝒖×∙∙∙×𝒘
    Eq. 5-4 

𝜹𝒒

|𝒒|
= √(

𝜹𝒙

𝒙
)

𝟐

+∙∙∙ + (
𝜹𝒛

𝒛
)

𝟐

+ (
𝜹𝒖

𝒖
)

𝟐

+∙∙∙ + (
𝜹𝒘

𝒘
)

𝟐

 Eq. 5-5 

 

 Power input 

The accuracy of power input is ± 1%.     

  

 The area of the inlet  

Both the area of the inlet of air flow channel and the cross section of test section of liquid cooling 

are 4200 mm2 ± 0.01%. 

 

 The average velocity  of the air flow across the inlet  

The accuracy is ±0.3%. 

 

 The average velocity of the liquid flow across the test section 

The accuracy is ±3%. 

 

5.1.3 Uncertainty of properties of the liquid 

In the process of mathematical description and analysis for the experiment, the properties of the liquid 

play a great part. The properties of the liquid given by its manufactures are very limited since only 

properties at 25 °C are given by them while we have even reached the boiling point at 76 °C.  We do not 

know how much those properties change in reality.  

In our experiment with Novec 7200, we have reached the boiling point from 20 °C. The viscosity of the 

liquid is very likely to change, as a result of which, the estimation of flow patterns by calculating the 

Reynolds number can be influenced. 

5.1.4 Uncertainty of flow measurement 

During both the air experiments and liquid experiments, we estimated the velocity over the electronic 

component by calculating the average velocity over the cross-sectional area of flow direction. For 

acquiring both of their own conclusion, it is probably not very near truth, but for the comparison between 

air cooling and liquid cooling, it might be good enough with the same geometry and same approach for 
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flow measurement. The comparison is one of those most important goals of this experiment, which will 

be discussed in detail in 5.2. 

Figure 5-1 shows an example analyzed by numerical method. The result of the velocity distribution 

indicates that the velocity over the component might be higher than the average velocity passing the cross 

section in this case.   

 

Figure 5-1 The velocity distribution of a case analyzed by CFD 

 Comparison between air cooling and single-phase liquid 

cooling 

The comparison between air cooling and liquid cooling of our experiment aims to achieve a more practical 

and understandable result, so the relationship between heat dissipation and temperature of the component 

is of more practical importance than correlations to be discussed.  

 

Figure 5-2 ∆T-P diagram of single-phase liquid cooling and air cooling 

In Figure 5-2, those blue curves are air cooling curves at different velocities from 0 to 4.05 cm/s over the 

electronic component respectively from the bottom upwards while those orange curves are liquid cooling 

curves with Novec 7200 at different velocities ranging from 6.45 cm/s to 28.52 cm/s. 

As can be seen, all the liquid cooling curves are over the air cooling curves, which indicates if the 

temperature difference between working fluids (Novec 7200 or air) and component is the same, the 

component can work with a much higher power input with the liquid than air. Table 5-1 gives a more 

detailed example of the comparison between air at 4.05 m/s and Novec at 7.98 or 28.52 cm/s. 
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Table 5-1 Some comparisons between air and Novec 7200 

 Air (4.05 m/s) Novec (7.98 cm/s) Novec (28.52 cm/s) 

∆T [°C] P [W] P [W] P [W] 

10 5.24 7.87 10.84 

20 10.43 19.03 24.3 

30 15.63 32.02 40.15 

40 20.82 46.82 64.4 

50 26.03 63.45 103.04 

  

Figure 5-2 also shows if the power input to the component is the same, the temperature of the 

component is much lower immersed in the liquid than in air. Table 5-2 gives a more detailed example of 

the comparison between air at 4.05 m/s and Novec at 7.98 or 28.52 cm/s. For the air part, the conditions 

at 30 W and 40W are predicted from the linear correlation acquired in 4.1.  

Table 5-2 Some comparisons between air and Novec 7200 

 Air (4.05 m/s)  Novec (7.98 cm/s)  Novec (28.52 cm/s)  

P [W] ∆T [°C] ∆T [°C] ∆T [°C] 

20 38.40 20.62 17.12 

30 (57.65) 28.36 23.96 

40 (76.88) 35.32 29.66 

 

Although the velocities (0, 1.08, 2.02, 3.04 and 4.05 m/s) of air is much larger than those of liquid’s (6.45, 

6.75, 7.98, 10.47, 17.11, 22.36 and 28.52 cm/s), those results cannot directly indicate that liquid cooling 

with Novec 7200 is better than air cooling based on strict thermal analysis. However, due to the fact that 4 

m/s with air cooling is almost the largest velocity in electronic thermal design nowadays and it is easy to 

operate the liquid at a speed of 8cm/s, we could draw to a conclusion that liquid cooling can control the 

temperature of an electronic system more easily. 

 Comparison between air, single-phase and two-phase 

liquid cooling  

Figure 5-3 shows the ∆T-P characteristic of both the liquid cooling with two-phase and single-phase, 

along with the air cooling. Those grey curves indicate the process of boiling cooling as we experienced the 

process several times with fluctuations in measurement, while orange and blue curves show the liquid 

cooling with single-phase and air cooling respectively. 
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Figure 5-3 ∆T-P diagram of air, single-phase liquid and two-phase liquid cooling 

During our experiment of two-phase system (boiling), the velocity was controlled at a quite low level as 

6.39 cm/s which is lower than all the velocities we had with single-phase experiment. However, once 

nucleate boiling begins, the heat dissipation of the component rises dramatically and is much more than 

that with a flow of 28.52 cm/s without boiling. 

During the whole process of stable nucleate boiling, the increase in heat dissipation per temperature 

difference is large, which means the component can work at a much higher power input but with a much 

smaller increase in temperature. This phenomenon lasts until films occur over the component.  

Table 5-3 shows to two groups of measurements in film boiling and nucleate boiling. As can be seen in 

this measurement 1 and 2, the heat transfer with film boiling is very unstable, because a small increase in 

power input can sometimes hugely increase the temperatures as measurement 2 shows. On the other 

hand, nucleate boiling is stable and therefore reliable for practical use if the heat dissipation can be 

controlled under the critical heat flux (CHF) without any risk for component exposed to films. The 

comparison between measurement 3 and 4 indicates how nucleate boiling can endure more power input 

than single-phase with same increase in temperature.  

Table 5-3 Comparisons between different phases of liquid cooling 

Measurement Situation Tw [°C] P [W] ∆Tw [°C] ∆P [W] 

1 Film boiling 153.1 585.53 9.8 50.88 

 (6.39 cm/s) 143.3 534.65   

2 Film boiling 120.4 530.88 8.8 12.87 

 (6.39 cm/s) 129.2 543.75   

3 Nucleate boiling 102.2 354.99 9.4 95.68 

 (6.39 cm/s) 92.8 259.31   

4 Single-phase 55.3 39.26 10.3 14.46 

 (7.98cm/s) 45.0 24.80   
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Figure 5-3 shows the relation between thermal resistance and the flow patterns indicates by Renoylds 

number.  

 

Figure 5-4 Re-Rth diagram of air cooling, single-phase liquid cooling and nucleate boiling 

As we can see in the blue curve for air cooling, the flow patterns corresponding to different flow velocities 

have a huge impact on the system’s thermal resistance when the Renoylds numbers are small. Along with 

the increase in Renoylds number, the slope of the curve becomes smaller which indicates that the increase 

in velocity dose not influence the thermal resistance as much as when Renoylds numbers are small. The 

yellow curve for single-phase liquid cooling shows that the thermal resistance of the system becomes 

slightly smaller when the Renoylds number becomes larger, which indicates that the increase in the 

velocity of liquid can improve thermal resistance although not to a great extent. The grey point is the 

average of all the measurement during the nucleate cooling with only one velocity. Due to the fact that 

latent heat exchange dominates the heat transfer during boiling, we believe that the flow patterns could 

have even smaller impact on thermal resistance compared with single-phase liquid cooling although we 

has not tested different velocities. 

The other important information showed by this figure is that the curve for air cooling lies over the curve 

for single-phase liquid cooling and the point of nucleate cooling lies in the bottom.  This tendency shows 

heat transfer would happen more efficiently in liquid cooling especially in nucleate boiling than air cooling 

when the flow pattern is the same.  

All these comparisons show that nucleate boiling can be very helpful for electronic thermal design. In our 

experiment, the two-phase system substantially enlarges the range of dissipation rate from about 100W up 

to 470W which is the critical heat flux (CHF), as shown in Figure 5-3. If one wants to maintain the 

temperature of the electronic components even lower but still with huge heat dissipation, a liquid with 

lower boiling point could meet the demands.  
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 The feasibility of liquid cooling for industry 

5.4.1 Liquid 

 Electrical conductivity 

During the whole experiment, Novec 7200 did not interrupt the current passing the electronic 

component which is totally immersed in this liquid. Therefore, the liquid is surely dielectric in 

normal situation. What is not so sure is that the chemical stability of the liquid. If the chemical 

properties of the liquid changes after a longer time being exposed to air and electronic systems, 

whether it can still maintain dielectric need to be examined. 

 

 Chemical compatibility and causticity 

After a few weeks’ experiment, there has not been obvious chemical reaction between Novec 

7200 and the whole system which consists of metal material of the electronic part and plastic 

material of those pipes. There has not been obvious corrosion on those materials either. One 

noticeable phenomenon is that the liquid has become slightly yellow from totally transparent after 

the experiment. 

 

 Evaporation 

This is the greatest trouble we have meet during the experiment. Once we could not get the 

whole system hermetic, the evaporation of the liquid happened on a very fast rate. In an 

unexpected leakage accident, our hands touched the liquid directly. The feeling of exposing our 

skin to this liquid is very close to that to alcohol. It disappeared immediately. That is one of the 

most important reasons why it is so important to avoid leakage, which will be discussed in detail 

in 5.4.2.    

5.4.2 System   

 Design and construction 

The contruction of our system turned out work decently during the experiment. It combines 

single-phase and two-phase altogether, which makes the system very flexible and multifunctional. 

It is so complete and well-designed that it could be directly converted to a system on a much 

larger scale without any large change. 

 

On the other hand, there is some uncertainty for industrial scale. Before applying this technology 

to industry, all the materials used for building the system, especially those materials directly 

contacting the liquid need to be examined chemical compatibility with the liquid on a long-term 

basis. Although we examined all the materials on a short-term basis and avoided some 

incompatible materials with the liquid according the information given by the manufacturer, we 

cannot confirm that it will work well on a long-term basis. 

 

 Operation and maintenance  

During the operation of the experiment, the circuit including the test board and the electric 

component work well when they are all immersed in the dielectric liquid.  

 

For operation of the system, two-phase system have more difficulties to overcome, but according 

to the practical result, all those difficulities have been well resolve due to the reseonable and 

thoughtful design. For example, the gas condensed after entering the reservoir and contacting the 

condenser as we tought. The pressure of the system was well controlled because of the setting of 

a expression vesel. The gas from boiling was also easily transferred up to the reservoir because we 

placed the test section vertically.  
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Once the systemcan be operated properly for working, the maintainence should take some 

unexpected situations into account. For instance, if the hardware of those electronic systems need 

to be repaired and upgrated, the liquid should be able to be easily moved to a reservoir which is 

big enough to contain all the liquid  and moved back also.  

 

 Leakage 

No matter in design and construction part, or operation and maintenance part, leakage is a huge 

challenge for a system of immersed liquid cooling. Future designers should take a more 

conservative attitude by assuming that the leakage cannot be easily resolved, then they can design 

a recycling system around those concerned areas in the cooling system for collecting the leaking 

liquid again. The assumption only works when the evaporation rate of the liquid is not as high as 

Novec 7200. Otherwise, to get the cooling system completely hermetic seems to be the only 

approach, unfortunately. There is actually another possibility: if there is one day a certain liquid 

which is as cheap as water and can be used for liquid cooling, all those problems will disappear 

immediately. 

 

5.4.3 Capital 

Ericsson bought 8 liters for 16000 SEK from 3M for this experiment, which accounts most for the 

investment of the system. Although the price could be much cheaper in some other countries whose price 

level is lower than Sweden’s, it is still too expensive for being applied to an industrial scale.   

 Suggestion for further research  

Our experiment and discussion tried to take practical use into consideration. Due to the limitations of 

time and capital, we could only build a complete immersed liquid cooling system on a very small scale and 

examine it for a few weeks. We suggest that the experiment with immersed liquid cooling be conducted on 

a larger scale and a long-term basis. 

It is also of crucial importance to develop new liquids and improve existing liquids that can be applied to 

liquid cooling. This influences the future of immersed liquid cooling to a great extent because the prices of 

those dielectric liquids are still expensive at present.  
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6 Conclusion  

The main conclusions from this study are as follows: 

 The immersed liquid cooling system constructed for the experiment which has been described in 

3.3.1 turned out to work decently. 

 The immersed liquid cooling system could be adapted to industrial use with some improvement. 

 The largest problem of the system is leakage.  

 Novec 7200 can meet the main requirements for immersed liquid cooling while with its problem 

of evaporation and high cost.  

 The whole system with the liquid needs to be run and examined on a long-term basis.   

 Single-phase liquid cooling has a higher heat flux than air cooling (under 4 m/s) at the same 

temperature. 

 Two-phase liquid cooling has even much higher heat flux and is easy to control within nucleate 

boiling.  

 The cooling system has the lowest thermal resistance during nucleate boiling with the same flow 

pattern. 
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