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Sammanfattning 
Ett svenskt elektronikföretag vill förbättra kylningen av en av deras elektroniska komponenter. 
De föreslår att en eftermonterad vätskekylare är ett sätt att uppnå detta mål. Den nuvarande 
kylningen med fläktar och luftvärmeväxlare är energikrävande. De stora kylluftsvolymerna leder 
också till buller. En konvertering skulle möjligtvis göra driften mer kostnadseffektiv och mindre 
bullrig.  

 Syftet med detta examensarbete är att teoretiskt utvärdera olika sätt att leda bort värmen 
ifrån den elektriska komponenten in i en vätska. Detta med hjälp av numeriska beräkningar i 
Matlab och FEM simuleringar i ANSYS. Sedan använda resultatet som en grund för att ta fram 
en fungerande prototyp. Examensarbetet inkluderar ej hur vätskan skall kylas eller pumpas. 

 Fyra koncept togs fram. För att teoretiskt uppskatta de termiska flödena i de olika 
koncepten gjordes en uppdelning av uppgiften. Där temperaturfallen mellan olika delar av 
konstruktionen undersöktes när värmen rör sig från elektroniken till vätskan. Vätskekylaren skall 
kunna kyla 200W samt att kylflänsens temperatur ej får överstiga 65°C. Tillsammans med en 
representant från elektronikförtaget valdes ett koncept för prototypen. 

 De numeriska uträkningarna tillsammans med simuleringarna visade att fjorton rör ger 
den eftersträvade prestandan. Fjorton rör ger också ett lågt temperaturfall över det termiska 
kontakt materialet, även med lågpresterande termiskt fett. Prototypen är gjord av aluminium. 
Gaveln gjordes av rektangulära rör och rören av platta extruderade mikrorör. För att öka 
prototypens hållfasthet valdes solida plattor som går igenom flänsen som gavels ändor.  

 Simuleringarna och uträkningarna visar tydligt att det är mer effektivt att kyla flänsen 
som är gjord för luft kylning med vätska än med luft. Vid jämförelse mellan luft och 
vätskekylning då båda har en kylmediumtemperatur på 55°C så ger vätskekylning en lägre 
maxtemperatur på kylflänsen. En konvertering till vätskekylning skulle ge lägre driftskostnad, 
lägre ljudnivå och dessutom ge möjligheten att använda förlustvärmen. Denna undersökning har 
visat att en konvertering till vätskekylning är att fördra och därför rekommenderas testning och 
fortsatta studier. 
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Abstract 
A Swedish electronics company wants to make the cooling of one of their electronic components 
more efficient. They propose that a retrofit liquid cooler is the way to achieve this goal. The 
current air cooling has high energy cost due to the high amount of power needed to power fans 
and heat exchangers. Using high volumes of air for cooling also leads to noise pollution. The 
conversion from air to liquid cooling would possibly make the operation of the electronics more 
cost efficient and less noisy.  

The purpose of this project is to theoretically evaluate different concepts of drawing the 
heat generated by the electronic component in to a fluid, using numerical calculations in Matlab 
and FEM simulations in ANSYS. Then using the evaluation as a base to design and construct a 
working prototype. This thesis will not include what happens to the liquid out side of the cooler 
i.e. pump performance and possible cooling of the liquid.  

Four concepts were generated. And to theoretically estimate the thermal flow in different 
concept configurations a division of the problem was made, specifically looking at the 
temperature drop between different parts of the construction as the heat moves from the 
electronics to the fluid. The maximum effect that the retrofit equipment will lead away is 200W 
and the air heat sink may maximally reach a temperature of 65°C. Together with the contact 
person at the electronics company a slot over concept was chosen for the prototype.  

The numerical calculations and the simulations show that in this application fourteen 
pipes would give the required performance and even gives the possibility of increased 
performance. Fourteen pipes mean a small temperature drop over the TIM even if low end 
thermal grease is used. Aluminum is chosen as construction material. The gable is made from 
rectangular tubing and the pipes are flat extruded micro tubes. To increase the rigidity of the 
design a solid plate that goes through the fins is placed on the top and bottom of the cooler. This 
plate also acts as the end plate of the gable 
 
The simulations and calculations clearly show that it is possible and more efficient to cool the 
heat sink that is made for air cooling with water. When comparing air and liquid cooling both 
with a coolant temperature of 55°C the liquid cooling system gives lower maximum heat sink 
temperature. A conversion would give lower running cost, a reduction of noise and would give 
the possibility to make use of the heat generated. This study shows that a conversion to liquid 
cooling is preferred therefore it is recommended that further studies and testing of conversion 
should be made.  
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NOMENCLATURE 
The following list gives a survey of the Notations and Abbreviations that are used in this Master 
thesis. 

Notations 

Symbol Description 

A Cross-sectional area (m2) 

cp Specific heat capacity (J /(kg·K))  

d Diameter (m) 

dh Hydraulic diameter (m) 

s Thickness (m)  

k Heat-transmission coefficient (W/(m2·K)) 

l Pipe length (m) 

m  Mass flow (kg/s) 

Nu Nusselts number 

P Wetted perimeter (m) 

Pr Prandtls number 

Q  Heat flow (W) 

R Thermal resistance (K/W) 

Re Reynolds number 

t Temperature (˚C) 

w Flow velocity (m/s) 

α  Heat-transfer coefficient (W/(m2·K)) 

Δp Pressure loss (Pa) 

ϑ  Temperature difference (˚C) 

mϑ  Logarithmic average temperature difference (˚C) 

λ  Thermal conductivity (W/ (m·K)) 

μ  Dynamic viscosity (Pa·s) 

ν  Kinematic viscosity (m2/s) 

ρ  Density (kg/m3) 
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Abbreviations 
CAD Computer Aided Design 

FEM Finite Element Method 

TIM Thermal Interface Material 
 

Computational tools 
Program   Function    Supplier  

ANSYS Products 11.0  FEM simulations   http://www.ansys.com  

MATLAB R2008a   Numerical calculations  http://www.mathworks.com  

SolidEdge V.20   CAD modeling    http://www.solidedge.se  

Microsoft word 2007  Word processing    http://office.microsoft.com 

SolidWorks 2009 SP1.0 CAD modeling   http://www.solidworks.com 
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1  INTRODUCTION 

1.1 Background 
A Swedish electronics company wants to make the cooling of one of their electronic components 
more efficient. They propose that a retrofit liquid cooler is the way to achieve this goal. ÅF, one 
of Sweden’s leading consultant companies is brought in to solve this task. Together they decided 
to make this into a master thesis that includes qualification and design of a working prototype.  

Today the electronic component is connected to a heat sink. The heat sink  is 259mm by 
358mm with one hundred and thirty one fins that have a thickness of 0.7mm and a length of 
218mm and a height of 21mm; see Figure 1. The heat sink is air cooled with forced air that in 
turn is cooled with a heat exchanger. This leads to high maintenance cost due to filters that need 
to be replaced to keep out dust and debris. The current air cooling has high energy cost due to the 
high amount of power needed to power fans and heat exchangers. Using high volumes of air for 
cooling also leads to noise pollution. The conversion from air to liquid cooling would possibly 
make the operation of the electronics more cost efficient and less noisy. But in view of the fact 
that the electronic is already in use in vast numbers, the retrofit liquid cooler should be able to be 
installed without any changes being made to the electronic component. Preferably the liquid 
cooler should be able to be installed without the electronics ever being shut off. 

 

 
Figure 1. Heat sink. 

 

  1



1.2 Purpose 
The purpose of this project is to theoretically evaluate different concepts of drawing the heat 
generated by the electronic component in to a fluid, using numerical calculations in Matlab and 
FEM simulations in ANSYS. Then using the evaluation as a base to design a working prototype. 
Herein showing if it is possible to liquid cool electronics that is designed for air cooling. 

 

1.3 Delimitations 
The exact working conditions of the electronics are not known as housing, environment 
conditions and duty cycle. Therefore these will not be taken in to account. This thesis will not 
include what happens to the liquid outside of the cooler i.e. pump performance and cooling of 
the liquid. The cooler will be designed to fit a specific unit chosen by the electronics company. 
Testing of the prototype will not be included in this thesis.  
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2  FRAME OF REFERENCE 

2.1 Thermal Interface Material  
When looking at a surface that looks smooth you are in reality looking at a surface that is very 
rough on a microscopic level. Therefore, when putting two seemingly flat objects together the 
number of contact points between the objects is very few. The contact surface is mostly made up 
by air pockets that serve as a thermal isolator due to the low thermal conductivity of air. To 
reduce the amount of air between two surfaces a thermal interface material is used to fill out the 
cavities created by the microscopic roughness of the surface. Not using thermal interface 
material (TIM) can lead to a considerable temperature difference between two surfaces pressed 
together. [4].  

 
Material2 

TIM 
Material2, contact 

Material1, contact 

 
Material1 

 

 
Figure 2. Thermal Interface Material.. 

To get a clear picture of how much resistance there are when thermal energy flows from one 
material to another, a model with thermal resistance can be applied, see Figure 2. Using this 
theoretical model ignores the conduction through the physical contact between material 1 and 2. 
 

 
     (2.1) 

 

 ,  ,   (2.2) 
 

 
 

Combining the two contact resistances gives. 

       (2.3) 
 

 
Where the Thermal Interface Materials Thermal resistance is. 

·
         (2.4) 

 

 
Where s is the TIM thickness (m), A is the contact area (m2) and λ is the thermal conductivity 
(W/(m·K)).  
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2.2 Dimensionless numbers 
 
Dimensionless numbers is used to group different variables together making it easier to get an 
overview of thermodynamic flow calculations. The following equations are an extract from [2] 
 
2.2.1 Reynolds number 
Reynolds number is a way to describe the characteristics of a flow, thus determining if a flow is 
laminar or turbulent. For flow in a pipe or tube, the Reynolds number is defined as 

 

    ·        (2.5) 

 

Where w is the velocity of the fluid (m/s), d is the diameter in the pipe (m) and ν is the kinematic 
viscosity of the fluid (m2/s). Depending on shape and surfacing of the tube.  

Re > 2000 to 2300 → Turbulent flow 

 
2.2.2 Nusselt number 
 

Nusselt number represents the thermal gradient at a wall. For flow in a pipe or tube, the Nusselt 
number is defined as 

·        (2.6) 
 

 

Where α is the heat transfer coefficient (W/(m2·K)), d is the diameter in the pipe (m) and λ is the 
thermal conductivity (W/(m·K)).  

 
2.2.3 Prandtl number 
Prandtl number is a thermodynamic property of the fluid. The Prantdl number is defined as 

·        (2.7) 
 

 

Where μ is the dynamic viscosity (Pa·s), d is the diameter in the pipe (m), λ is the thermal 
conductivity (w/(m·K)) and cp is the specific heat capacity (J /(kg·K)). 
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2.2.4 Graetz number 
Graetz number is used to calculate heat transfer in tubes with laminar flow. For flow in a pipe or 
tube, the Graetz number is defined as 

 

   ·       (2.8) 

Where Re is the Reynolds number, Pr is the Prandtl number, d is the diameter in the pipe (m) 
and l is the length of the pipe (m). 

2.3 Aspects of forced convection 
2.3.1 Hydraulic diameter 
For tubes with circular cross section the hydraulic diameter equals the diameter of the tube. But 
for tubes with a non circular cross section the hydraulic diameter is defined by.[2] 

 

   4        (2.9) 

Where A is the cross section area (m2) and P is the wetted perimeter (m). 

 
2.3.2 Viscosity 
The viscosity of water is temperature dependent. The dynamic viscosity of water can be 
approximated with the following equation according to [1]. 

1.790 ·      (2.10) 

 

 
Where t is the temperature of the water (ºC). 
 
The relationship between the dynamic and kinematic viscosity is according to [3]. 
 

        (2.11) 
 

Where ρ is the density (kg/m3) of the liquid. 

2.4 Heat exchanger  
A heat exchanger is designed to transfer thermal energy from one liquid or gas to another. A 
generic equation to calculate the logarithmic average temperature difference is according to [3] 

 

          (2.12) 

Where �1 and�2 are the measured difference in water temperature on each side of the heat 
exchanger. 
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2.5 Heat pipes  
A heat pipe is normally a tube made out of some highly conductive metal as copper or aluminum 
that has been emptied of air and then been filled with a small amount of a liquid of witch some 
part is liquid phase and the rest gas phase. The inside of the tube is designed as some sort of wick 
sintered metal powder or some grove design that makes the liquid spread out along the walls 
using the capillary effect. When a heat source is connected to one end of the pipe the liquid in 
that end starts to evaporate then that vapor moves over to the cooler part of the pipe where it 
condensates and in this way efficiently transports  heat from the source to the cooler part of the 
pipe. The heat pipe can achieve conductivity many times that of high conductive metals as 
copper or silver. 

2.6 Heat transfer coefficient 
2.6.1 Liquid cooling 
For laminar flow Nusselt number is dependent on the shape of the cross section and the 
boundary conditions. For example a square tube with constant wall temperature Nu equals 2.98 
and for a circular 3.66. When calculating the heat-transfer coefficient for water flowing in short 
tubes there are some insecurity. Furthermore the real heat-transfer coefficient does not always 
follow classic theory but in this case the real coefficient if deviant seams to be higher then what 
is suggested by classical theory making liquid cooling even more efficient. In this case with 
laminar flow using a constant Nusselt number that is linked to the pipe geometry may not be 
correct. Consequently for entrance region laminar flow (Gz>10), the following equation has been 
proposed, giving an average Nusselt number [2]. 

 

    1.86 · / ·
.

    (2.13) 

For fully developed turbulent flows in tubes, the Dittus – Boelter equation: 

 
    0.023 · . · .     (2.14) 
 

Equation valid for fluid with low viscosity (μ < 2⋅μH2O), for Re > 2300 i.e. the whole turbulent 
region.  

 
Equation (2.6) gives. 
 
          (2.15) 
 
 
2.6.2 Air cooling 
 

The heat-transfer coefficient for forced air movement on a flat wall can be estimated using the 
following equation [5]. Equation valid for air speeds higher then 5 m/s.  

 

     6.4 · .     (2.16) 

Where w is flow velocity in (m/s). 
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2.7 Pressure loss 
To estimate the pressure loss in the construction the following equations were used [5]. 

 

     ∆ · · ·     (2.17) 

For pressure loss in straight lines for laminar flow and isothermal change of state. Where Re is 
Reynolds number, ρ is the density (kg/m3) of the liquid, w is flow velocity in (m/s), d is the 
diameter in the pipe (m) and l is the length of the pipe (m). 

  

 

     ∆ .
. · · ·     (2.18) 

For pressure loss in straight lines for turbulent flow and smooth lines. Where Re is Reynolds 
number, ρ is the density (kg/m3) of the liquid, w is flow velocity in (m/s), d is the diameter in the 
pipe (m) and l is the length of the pipe (m). 
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3  CONCEPTS 

3.1 Without liquid in between the fins  
The best way to minimize the risk of liquid coming in contact with the electronics is to draw all 
the heat from the heat sink with some kind of highly conductive material then cooling the 
material outside the flange. This concept eliminates the risk of liquid coming in contact with the 
electronics even if a pipe should rupture.  

 
3.1.1 Metal fingers 
This concept use copper or some other highly conductive metal formed as fingers that is pushed 
in from the side of the fins to draw the heat from the heat sink and in to a external liquid cooler, 
see Figure 3. 

  
Figure 3. Metal finger concept. 

 
3.1.2 Heat pipe fingers 
This concept use super conductive heat pipe fingers that is pushed in from the side of the fins to 
draw the heat from the heat sink and in to a external liquid cooler, Figure 4. 

 
Figure 4. Heat pipe concept. 
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3.2 With liquid in between the fins 
The concept that mostly resembles the current way to cool the heat sink is to have liquid flow 
through the fins instead of air but inclosing the liquid in thin pipes that somehow is placed 
between the fins.  
 
3.2.1 Push in pipes 
This concept use thin pipes that are pushed in from the side of the heat sink to directly draw the 
heat from the heat sink in to a liquid flowing back and forth in the pipes, see Figure 5. 

 
Figure 5. Push in pipe concept. 

 
3.2.2 Slot over pipes 
This concept use thin pipes that are slotted over the fins to directly draw the heat from the heat 
sink in to a liquid flowing through in the pipes, Figure 6. 

 

 
Figure 6. Slot over pipes concept. 
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4  METHOD 

4.1 Process 
To theoretically estimate the thermal flow in different concept configurations a division of the 
problem was made, specifically looking at the temperature drop between different parts of the 
construction as the heat moves from the electronics to the fluid. To compare the effectiveness of 
air cooling versus liquid cooling ANSYS simulations were made. Heat flows of 200W were 
placed where the heat generating electronics are positioned. Then using different heat-transfer 
coefficients on the whole heat sink (air cooling) or specific areas (water cooling), a comparison 
of different configurations of liquid pipes versus air cooling was possible. The heat-transfer 
coefficients were calculated numerically for different flow speeds of air and water. The 
numerical calculations together with the FEM simulations provide a good base for evaluation of 
the different concepts.  

4.2 Requirements  
4.2.1 Requirements that must be met 
 

• The maximum effect that the retrofit equipment will lead away is 200W. 
• The air heat sink may maximally reach a temperature of 65°C. 

 
4.2.2 Requirements that should be met 
 
The retrofit equipment should be able to: 
 

• Be installed by one person. 
• Be installed /serviced without special education. 
• Be installed  without special tools. 
• Have a structure that decreases the risk for assembly error. 
• Be uninstalled and reinstalled. 
• Have a structure that decreases the risk for leakages. 
• Have a structure that minimizes the risk of the fluid coming in contact with the 

electrical components in the event of leakage. 
• Protrude a maximum of 90mm from the cover plate. 
• Be as compact as possible. 

 
Existing equipment should be unchanged. 
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5  THERMAL INTERFACE MATERIAL CALCULATIONS 

5.1 Thermal interface material 
All of the concepts will have a temperature gradient over the thermal interface material (TIM) in 
question, thus if trying to minimize the number of areas where the retrofit equipment is in 
contact with the fins the use of highly conductive grease becomes more and more important. If 
the contact area is reduced the temperature gradient will increase and in turn loosing cooling 
efficiency. This is true using either of the proposed concepts. To estimate the thermal resistance 
between the fins and the pipes the equations in chapter (2.1) is used. Matlab was used to perform 
the calculations. The values found for Rcontact in literature has been obtained experimentally and 
seem to be much smaller then the resistance over the TIM [4], therefore the approximation that 
Rinterface ≈ RTIM is used. Thermal conductivity for commercially available thermal grease ranges 
from 0.7 to 7.5W/m⋅K.  

 
5.1.1 Temperature drop with different number of pipes 
Choosing two different thermal conductivity’s a set TIM thickness and varying the number of 
pipes shows how the temperature drop changes with different number of pipes, see Figure 7.  

 
Figure 7. Temperature drop with different number of pipes. 

This shows that with ten pipes or more the temperature drop over the TIM levels out. 
Consequently to avoid increased temperature drop over the TIM ten pipes or more should be 
selected. 

 
5.1.2 Temperature drop with different types of thermal grease 
After establishing that ten or more pipes are needed to minimize the drop in temperature, 
fourteen pipes are selected. Using set grease thickness and number of pipes Figure 8 shows if it 
is important to use expensive thermal grease with high thermal conductivity instead of low cost 
grease with lower thermal conductivity.  
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Figure 8. Temperature drop with different types of thermal grease. 

The figure shows that one should avoid using thermal grease with thermal conductivity lower 
then 1W/m⋅K in this configuration. 

 
5.1.3 Temperature drop with different thickness of TIM 
Now looking at the temperature drop when using a set number of pipes and low end thermal 
grease and varying TIM thickness, see Figure 9, it is possible to estimate the size of the 
temperature drop. 

 
Figure 9. Temperature drop with different thickness of TIM. 

5.1.4 Result 
The TIM calculations show that one should avoid thermal grease with a thermal conductivity 
below 1W/m⋅K. It is also clear to see that when reducing the number of pipes on the cooler the 
temperature drop over the TIM becomes a factor. Subsequently, when trying to optimize the 
coolers performance this is something to consider. In short when reducing the pipe/fin contact 
area the importance of high performing thermal grease increases and that ten or more pipes or 
heat pipes should be used to reduce the temperature drop over the contact areas. 
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6  HEAT FLOW CALCULATIONS 

6.1 Heat exchanger isothermal pipe 
Water is chosen as coolant due to its high thermal conductivity. To evaluate water in between the 
fins concept, an altered version of the heat exchanger equation (2.12) is used. In the following 
calculations the below mentioned estimated values were used, see Table 1. These calculations 
were made to verify the ANSYS simulations and to see if the average temperature in the 
simulations needs to be adjusted, i.e. examining the rise in temperature of the cooling liquid. 
Therefore, a flow velocity is chosen to give a specific alpha, the same as in one of the ANSYS 
simulations.  
 

Number of pipes 14 
Pipe length 0.218m 
Hydraulic diameter 0.0015m 
Wetted area 0.13m2 
Pipe cross section area 0.00022m2 
Mass flow 0.15kg/s 
Flow velocity 0.7m/s 
Alpha 2800W/m2⋅K 
Water temperature in 55.0°C 
Pressure drop ∼3000Pa 

 
Table 1. Data. 

 
6.1.1 Logarithmic average temperature difference 
 
To calculate the logarithmic average temperature difference between the pipe and water a 
modified counter flow heat exchanger equation is used, see Figure 10.  
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Figure 10. Temperature change in Heat Exchanger. 
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Where tp is the pipe temperature and tw is the water temperature (ºC). Equation (6.1) and (6.2) 
together with (2.12) gives. 
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6.1.3 Temperature of the exiting water  
 
To calculate the temperature of the exiting water two energy flow equations are equaled [3]. 
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Where  is the mass flow (kg/s) and cp is the specific heat capacity (J/(kg·K)). 

 
6.1.4 Heat transferred to water 

Equation (6.4) and (6.7) gives. 

  

   · ,
·
·

,     (6.8) 

 
6.1.5 Result 
When using fourteen pipes the temperature difference between the pipe and the water entering 
the cooler must be above 1.2°C to be able to transport the 200 watts that the electronics produce. 
But since Reynolds number is 2000 the flow is on the verge of turbulence therefore if it goes 
over to turbulent flow the heat-transfer coefficient will rise from 2800 to 6900 W/m2⋅K 
demanding an even lower temperature difference to dissipate 200W. So it seems that even with 
low flows and temperature differences the water is able to transport the heat in question. When 
comparing these calculations to the ANSYS simulation with similar heat-transfer coefficient, see 
Figure 16 the temperature difference between the fins where the pipes are simulated and the 
water temperature is in the same range. 
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7  THERMAL SIMULATIONS 

7.1 Simulation of air cooling  
An estimation of the heat sink temperature when using the current air cooling is needed; as a 
result comparison between air cooling and different setups of liquid cooling can be made. The 
current air cooling setup is that if the air temperature of the cooling air excides 55°C the 
electronics will automatically shut off. To estimate the heat sink temperature when the maximum 
air temperature is reached an array of simulations in ANSYS were made with 55°C air 
temperature and different heat-transfer coefficients matching up to different levels of forced 
convection. Simulations were made with the heat-transfer coefficient α reaching from 20 
W/m2⋅K for an air speed of 5 m/s (26 dm3/s) up to 50 W/m2⋅K for an air speed of 16m/s (83 
dm3/s). The heat sink mesh in ANSYS contains 191058 nodes and 97240 elements, see Figure 
11. 

 
Figure 11. Heat sink mesh. 

 
7.1.1 Simulation with α=20  

The first simulation simulates a 200W heat flow to the heat sinks backside were the heat 
generating electronics are positioned and a forced convection with a heat-transfer coefficient of 
20 W/m2⋅K on the top half of the heat sink that equals an air speed of 5m/s. The air temperature 
of the cooling air is set to 55°C. Therefore, with these parameters the heat sinks maximum 
temperature is 69.5°C which leads to a 14.5° temperature difference between the cooling air and 
the heat sink temperature, see Figure 12. 
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Figure 12. Temperature distribution simulation, α=20. 

 

7.1.2 Simulation with α=30  
The second simulation simulates a 200W heat flow to the heat sinks backside were the heat 
generating electronics are positioned and a forced convection with a heat-transfer coefficient of 
30 W/m2⋅K on the top half of the heat sink that equals an air speed of 8m/s. The air temperature 
of the cooling air remains at 55°C. Therefore, with these parameters the heat sinks maximum 
temperature is 66°C, which leads to an 11° temperature difference between the cooling air and 
the heat sink temperature, 3.5° less than with alpha set to 20, see Figure 13. 
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Figure 13. Temperature distribution simulation, α=30. 

 

7.1.3 Simulation with α=40  
The third simulation simulates a 200W heat flow to the heat sinks backside were the heat 
generating electronics are positioned and a forced convection with a heat-transfer coefficient of 
40 W/m2⋅K on the top half of the heat sink that equals an air speed of 12m/s. The air temperature 
of the cooling air remains at 55°C. Hence, with these parameters the heat sinks maximum 
temperature is 64.2°C which leads to a 9.2° temperature difference between the cooling air and 
the heat sink temperature, 1.8° less than with alpha set to 30, see Figure 14. 
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Figure 14. Temperature distribution simulation, α=40. 

7.1.4 Simulation with α=50  
The fourth simulation simulates a 200W heat flow to the heat sinks backside were the heat 
generating electronics are positioned and a forced convection with a heat-transfer coefficient of 
50 W/m2⋅K on the top half of the heat sink that equals an air speed of 16m/s. The air temperature 
of the cooling air remains at 55°C. Therefore, with these parameters the heat sinks maximum 
temperature is 63°C which leads to an 8° temperature difference between the cooling air and the 
heat sink temperature, 1.2° less than with alpha set to 40. Consequently, while the temperature 
difference between the heat sink and air lessens the impact of an increased alpha (air speed) 
decreases, see Figure 15.   
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Figure 15. Temperature distribution simulation, α=50. 

 

7.2 Simulation of liquid cooling 
To estimate the heat sink temperature when using liquid cooling a heat-transfer coefficient equal 
to different flows of water was placed on specific fin sides where the pipes are simulated to be 
positioned. The fluid temperature is set to 55°C which makes comparison with air cooling 
possible. 

 
7.2.1 Simulation with set α and different number of pipes  

The next set of simulations simulate a 200W heat flow to the heat sinks backside were the heat 
generating electronics are positioned and 2800 W/m2⋅K as the heat-transfer coefficient where the 
pipes are simulated i.e. convection to the fluid. With four pipes the flange temperature reaches 
71.6°C that gives difference in temperature between liquid and heat sink of 16.6°, see Figure 16.  
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Figure 16. Temperature distribution with 4 pipes. 

 

With seven pipes the heat sink temperature reaches 64.9°C that gives difference in temperature 
between liquid and heat sink of 9.9°, see Figure 17. 
 

 
Figure 17. Temperature distribution with 7 pipes. 
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With fourteen pipes the heat sink temperature reaches 61.4°C that gives difference in 
temperature between liquid and heat sink of 6.4°, see Figure 18. 

 
Figure 18. Temperature distribution with 14 pipes. 

 

7.2.2 Simulation with set number of pipes and different α 
The next set of simulations simulate a 200W heat flow to the heat sinks backside were the heat 
generating electronics are positioned and different heat-transfer coefficients that simulate 
different flows in the fourteen pipes now selected. This gives an understanding of how the heat 
sink temperature will change with different flows through the pipes placed in between the fins. 
Therefore, with a flow of 0.008 kg/s that is equal to a heat-transfer coefficient of 1000 W/m2⋅K 
the heat sinks maximum temperature reaches 63.1°C, see Figure 19. Consequently, even with 
very low flow through the fourteen pipes, liquid cooling can match the best air cooling that with 
alpha 50 gave a maximum heat sink temperature of 63°C, see Figure 15. 
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Figure 19. Temperature distribution with α=1000. 

 

Therefore, when increasing the flow to 0.15 kg/s the heat-transfer coefficient increases to 5000 
W/m2⋅K and the maximum heat sink temperature drops to 60.8°C, see Figure 20. This shows that 
the retrofit liquid cooler can outperform what is possible with air cooling. 

 

 
Figure 20. Temperature distribution with α=5000. 
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7.3 Simulation of copper finger 
Evaluating the metal finger concept; to estimate the temperature distribution in the copper 
fingers when using it to draw the heat out of the heat sink and liquid cooling the copper 
externally, a heat flow of 0.75W was placed on each side of the finger where it is in contact with 
the fins and a constant temperature of 20°C was placed where the cooling would be placed. Since 
the finger should be able to be slid in from the side of the heat sink the finger thickness is 
reduced to 1.5mm. This gives a temperature gradient of 15.7°, see Figure 21. Bearing in mind 
that this is just the temperature drop along the finger, this concept will have a great temperature 
difference between the liquid cooling the finger and the heat sink. There will be a temperature 
drop from the fins to the finger i.e. over the TIM and then a further drop from the finger to the 
liquid. Therefore, it is clear to see that this concept is the least efficient way to cool the heat sink. 

 

 
Figure 21. Temperature distribution copper finger. 

 

 

7.4 Heat pipes 
Using heat pipes is a way to transport the heat from one area to another. Therefore, the same 
result as with the pipes between the fins can be achieved if the liquid pipes connected to the heat 
pipes outside the heat sink have the same performance except an additional drop over the TIM 
from heat pipe to liquid pipe.  
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7.5 Result 
The simulations show that cooling the heat sink that is designed for air cooling with water pipes 
is possible and that it is even more efficient then the method of cooling used today. A cooler with 
fourteen pipes and low flow of water have the performance of an air cooler with very high air 
flow. The simulations also show that the biggest temperature drop when using the water cooler is 
between the fins in contact with the pipes and the base plate consequently if it was possible to 
have the water pipes inside the base plate the cooler would be even more efficient. Air cooling 
with the 83 dm3/s of air gives a maximum heat sink temperature of 63°C while the liquid cooling 
with 0.15dm3/s lowers the temperature to 60.8°C. The copper finger concept gives an increase in 
temperature drop of around sixteen degrees Celsius. This does not take into account the 
temperature drop between the finger and the water or the drop in the contact area. 
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8  CONCEPT EVALUATION 

8.1 Concept without liquid in between the fins 
Evaluation of the two concepts without liquid passing through the heat sink.  
  
8.1.1 Metal fingers 
When using highly thermally conductive copper fingers between each of the fins the temperature 
gradient along the finger is in excess of 15°C making this concepts efficiency lower then the 
others. Furthermore, this concept gives a weight higher then 20 kilograms for the retrofit cooling 
system which makes it the heaviest concept. Tests that were made show that the installation of 
this equipment will be difficult due to the shear number of fingers that must be inserted in to the 
fins. The only way to insert a copper finger between each of the fins would be to put them in one 
by one and then in some way attach the cooler to the protruding fingers.  

 
8.1.2 Heat pipes 
When using hyper conductive heat pipe fingers the temperature gradient along the finger is 
practically zero making this concepts one of the more efficient concepts. But the efficiency is 
still dependent on how easily it is able to transport the heat in the fingers into the liquid. Further 
more this concepts capacity is largely dependent on which brand of heat pipe that is used due to 
difference in construction between different manufacturers. Still this is the most robust concept 
of the push in type. Due to the ease with which heat pipes conduct heat the weight of this 
concept is much reduced compared to copper fingers where as only a few heat pipes will be able 
to transport the heat in question. If there would be a requirement that liquid would not be 
allowed inside the cabinet, heat pipes could be used to transport the heat outside of the cabinet. 
This would give more freedom when designing the cooler outside of the heat sink because it 
would not be restricted by the geometry of the heat sink. 

8.2 Concept with liquid in between the fins 
Evaluation of the two concepts with liquid passing through the heat sink. Where one of the 
concepts requires the electronics to be shut off when installed. 
 
8.2.1 Push in pipes 
Using push in pipes eliminates the need to turn off the electronics before mounting the cooler. 
This concept requires some sort of locking devise to hold the cooler in place. This design is less 
robust then the other concepts and the fingers would easily be damaged if handled carelessly 
even if stainless steel fingers are used to make the design more robust. The more complicated 
design would lead to higher manufacturing cost compared to the slot over concept.  

 
8.2.2 Slot over pipes 

Using slot over pipes eliminates the need of a locking device to secure the retrofit equipment in 
the fins because it is automatically locked in place when the electronics is put back in its holding 
cabinet. This concept requires the electronics to be removed from its holding cabinet i.e. the 
electronics must be shut off when installing cooler. Flat extruded aluminum micro tubes are 
already available due to use in heat exchangers in the automotive industry, see Figure 22. Using 
aluminum reduces cost and weight of the equipment. Using solid aluminum plate instead of 
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tubes on the top and bottom of the equipment increases the rigidity of the construction and 
making it much more robust than the push in concept and in turn reducing the risk of leakage. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 22. Magnified micro tube. 
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9  PROTOTYPE DESIGN 

9.1 Prototype set up 
Together with the contact person at the electronics company the slot over concept was chosen for 
the prototype, see Figure 23. The numerical calculations and the simulations show that in this 
application fourteen pipes would give the required performance and even gives the possibility of 
increased performance if it should be required. Fourteen pipes mean a small temperature drop 
over the TIM even if low end thermal grease is used. Tests made show that an increase of the 
number of pipes would lead to a more difficult installation due to the force needed to push the 
cooler in to place. More pipes would also complicate the manufacturing of the prototype due to 
the difficulty of manually brazing pipes that are close together. Furnace brazing techniques will 
eliminate this problem in series production. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23. Slot over concept. 
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9.2 Design 
Aluminum is chosen as construction material, since it is an affordable and highly thermally 
conductive material. The gable is made from rectangular tubing and the pipes are flat extruded 
micro tubes. The gables are as big as the surroundings allow making the cross-section area of the 
gable bigger then that of the combined micro tubes, giving equal flow in each of the micro tubes. 
The tubes are 10mm longer then the fins so imperfections in the heat sink will not put strain on 
the construction. The tubes will also protrude somewhat in to the gable, this to make soldering 
easier and to make the construction more rigid. The tubes are 2mm less wide then the fins, due to 
heat sink geometry the maximum gable thickness is 20mm and the tubes must fit in the gable. A 
snug fit is wanted between the fins and pipe, tests shows that tube thickness the same as the gap 
between the fins gives the right fit. To increase the rigidity of the design a solid plate that goes 
through the fins is placed on the top and bottom of the cooler. This plate also acts as the end 
plate of the gable, see Figure 24. For technical illustration see Appendix A. Manufacturing 
drawings were made and sent to Cliff Hemi Models & Prototypes [6] for manufacturing of the 
prototype. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Retrofit water cooler. 
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10  DISCUSSION AND CONCLUSIONS 

10.1 Discussion 
In all the calculations made in this thesis hot water with a temperature of 55°C is used to cool the 
heat sink. If the heat sink would be cooled with colder water the capacity to dissipate heat would 
increase dramatically therefore, the potential of liquid cooling vastly exceeds what is possible 
with air cooling. The moving of heat to a liquid also makes it possible to make use of the heat, 
for example, heating the building where the electronics are located. Having the heat in a liquid 
makes it easier to transport which is an advantage.  

10.2 Conclusions 
The simulations and calculations clearly show that it is possible and more efficient to cool the 
heat sink that is made for air cooling with water. When comparing air and liquid cooling both 
with a coolant temperature of 55°C the liquid cooling system gives lower maximum heat sink 
temperature. According to the simulations and calculations a liquid cooling system would even 
have the capacity to cool electronics with a heat generation higher then the current 200W. The 
TIM calculations show that low end thermal grease can be used. Thermal grease with a thermal 
conductivity of 1W/m⋅K would give a temperature drop over the TIM of around 0.2°C. Thereto 
adding that a conversion would lead to a great noise reduction compared to the current air 
cooling i.e. no high volume fans required. 
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11  RECOMMENDATIONS AND FUTURE WORK 

11.1 Recommendations 
Using the suggested retrofit water cooler that is attached to fins of the heat sink is a more 
efficient way of cooling the electronics then the cooling currently used. A conversion would give 
lower running cost, a reduction of noise and would give the possibility to make use of the heat 
generated. The suggested cooler gives the possibility to hermetically seal the electronics which 
would make the electronics less sensitive to environmental conditions. This type of retrofit 
cooler makes a transition from air cooling to liquid cooling possible. Hence, a new component 
designed for liquid cooling can be used together with a retrofitted air to liquid cooled unit, 
eliminating the need for double cooling systems. This study shows that a conversion to liquid 
cooling is preferred therefore it is recommended that further studies and testing of conversion 
should be made. 

11.2 Future work 
The short pipes give calculations in the thermal entrance region. This makes testing imperative 
because of the many uncertainties when doing such calculations. There are also uncertainties 
when using micro tubes this would also require testing to refine the theoretical model. 

If the equipment must be used in subzero conditions some coolant other then water must 
be used to eliminate the risk of freezing. This will result in a loss of thermal conductivity, see 
Table 2 [5]. This in turn leads to a lowering of the heat-transfer coefficient. Furthermore, the heat 
capacity and the density and viscosity changes which will also change the amount of heat that is 
transported. Consequently, when using a less effective coolant the flow must be elevated and in 
some cases more pipes added to make the cooler able to dissipate the same amount of heat as 
when water is used.  

 
Freezing Temp % Antifreeze Thermal Conductivity (W/m⋅K) 

0 0 0.6 

-12 23 0.53 

-25 38 0.45 

-46 54 0.40 

Table 2. Water/Antifreeze mixture. 
 

The theoretical investigation clearly shows that a conversion to liquid cooling is preferred 
therefore, an examination of which other air cooled electronics that can use this type of liquid 
conversion should be made. 
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