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Abstract 

Data centers requires a lot of energy due to that data centers count as the buildings also 

contains servers, cooling equipment, IT-equipment and power equipment. As the cooling 

solution for many data centers around the world right now, the compressor-based cooling 

solution counts for around 40% of the total energy consumption. A non-compressor-based 

solution that is used in some data centers, but also is in a research phase is the free cooling 

application. Free cooling means that the outside air is utilized to cool down the data center 

and there are two main technologies that contains within free cooling: airside free cooling and 

waterside free cooling. The purpose of this master thesis is to analyze two types of coils; one 

corrugated and the other one smooth, providing from Bensby Rostfria, to investigate if it is 

possible to use free cooling in 5G EDGE data center in Luleå, with one of these coils. The 

investigation will be done during the warmest day in summer. This because, according to 

weather data, Luleå is one candidate where this type of cooling system could be of use.  

The project was done through RISE ICE Datacenter where two identical systems was built next 

to each other with two corrugated hoses of different diameter and two smooth tubes with 

different diameter. The variables that was measured was the ambient temperature within the 

data hall, the water temperature in both water tanks, the temperature out from the system, 

the temperature in to the system and the mass flow of the air that was going to go through 

the system. The first thing that was done was to do fan curves to easier choose which input 

voltages for the fans that was of interest to do further analysis on. After that was done, three 

point was taken where the fan curve was of most increase. The tests were done by letting the 

corrugated hoses and smooth tubes to be in each of the water tanks and fill it with cold water. 

It was thereafter the coils that should warm the water from 4,75 °C – 9,75 °C, because of that 

the temperature in the data center was around 15 °C. The rising in particularly these 

temperatures was chosen because it is seen that to use free cooling the temperature 

differences must be at least 5 °C. The tests were done three times to get a more reliable result. 

All the data was further taken in to Zabbix and to further analysis in Grafana.  
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When one test was done the files was saved from Grafana to Excel for compilation, and 

thereafter to Matlab for further analysis. The first thing that was analyzed was if the three 

different tests with the same input voltages gave similar results in the water temperature in 

the tank and the temperature out from the system. Thereafter, trendlines was built to 

investigate the temperature differences in and out of the system, the temperature differences 

in and the water temperature in the tank, the mass flow and the cooling power. That trendline 

was further in comparison to each other, which was 2D-plots between the cooling power and 

the temperature differences between the inlet and the water. Thereafter the both coils could 

compare to each other to see which of them that gave the largest cooling power and was most 

efficient to install in a future 5G data center module.  The conclusion for this master thesis is 

that the corrugated hose will give a higher cooling power with higher temperature differences 

outside, but during the warmest summer day it was distinctly the smooth tube that gave the 

largest cooling power and therefore the best result. The smooth tube also got, through hand 

calculations, the larger amount of pipe that was necessary to cool down the 5G module, but 

the smallest water tank. It was also shown that for the warmest summer day, a temperature 

in the water tank of 24 °C is the best, compared to 20 °C and 18 °C. The amount of coil that is 

needed to cool down the data center with a temperature in the water tank at 24 °C and how 

large the water tank differs between the two types of coils. For the corrugated hose a length 

of 1.8 km and a water tank of 9.4 m3. As for the smooth tube a length of 1.7 km and a water 

tank volume of 12 m3.  As can be seen throughout this project is that this type of cooling 

equipment is not the most efficient for the warmest summer day but could easily be used for 

other seasons.   
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Sammanfattning 

Datacenter innefattas av, förutom ordinär utrustning i byggnader, även IT-utrustning som till 

exempel servrar, telekommunikation, kylutrustning och effektutrustning. Det medför att 

datacenter har en stor energiförbrukning. På grund av det kompressorbaserade 

kyllösningarna i många av dagens datacenter tar enbart kylningen en energiförbrukning på 

40% av byggnadens totala energiförbrukning.  En kylningsmetod som är i uppfart är frikylning. 

Den här metoden innebär att man använder sig av utomhustemperaturen för att kyla 

datacentret. Kriteriet för att optimalt använda den här typen av metod är att utetemperaturen 

behöver vara längre än den i datacentret. De metoderna kan även delas upp i; frikylning via 

luft och frikylning via vatten. Syftet med exjobbet är att studera slangar och rör från Bensby 

Rostfria för att undersöka om det är möjligt att använda sig av frikylning för kylning av 5G 

EDGE datacenter i Luleå. Det här grundar sig i att Luleå i sig har de egenskaperna ett klimat 

behöver för att kunna applicera frikylning.  

 

Det här projektet genomfördes på RISE ICE Datacenter där det byggdes upp två identiska 

testmodeller med två olika sorters veckad slang på två olika diametrar samt två olika 

diametrar på slätt rör. Det mätparametrar som studeras var lufttemperaturen i datalabbet, 

vattentemperaturen i de båda tankarna, utlufttemperaturen, inlufttemperaturen samt 

hastigheten på luften in till systemet. Det första som genomfördes var att göra fläktkurvor för 

att lättare kunna analysera vilka spänningar på fläkten som gav det mest intressanta 

punkterna för de olika slangarna och rören. Därefter valdes tre punkter där kurvan gjorde som 

mest drastisk lutning. De testerna genomfördes genom att låta de veckade slangarna och de 

släta rören vara nersänkta i kallt vatten där vattnet skulle stiga från 4,75 °C – 9,74 °C, då 

datalabbet hade en temperatur på omkring 15 °C. Just den här stigningen valdes för att ifall 

frikylning ska fungera måste det vara en temperaturdifferens på minst 5 °C. Samtliga tester 

för de olika spänningarna på fläkten gjordes tre gånger för att få ett mer stabilt medelvärde 

på kyleffekten. All data samlades in i Zabbix och för vidare analys i Grafana.  
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Då testet var klart sparades filerna från Grafana in till Excel för sammanställning, och därefter 

till Matlab för vidare analys. De första som studerades var om de tre mätningarna för 

respektive inspänning gav liknande resultat i vattentemperatur i tanken samt temperaturen 

ut från systemet. Därefter skapades trendlinjer för temperaturskillnaden in och ut från 

systemet, temperaturskillnaden in och vattnets temperatur i tanken, massflödet och 

kyleffekten. Den trendlinjen sattes sedan in i jämförelse med varandra, vilket var 2D-plots 

mellan kyleffekten och temperaturskillnaden in och i vattnet. Därefter kunde det båda 

spiralerna jämföras mot varandra för att se vilken av dem som gav den högsta kyleffekten. 

Slutsatsen av det här arbetet visade att den veckade slangen gav högre kyleffekt vid högre 

temperaturskillnader, men vid den varmaste sommardagen var det tydligt att det släta röret 

gav den högsta kyleffekten och därmed det bästa resultatet. Det släta röret fick även, via 

uträkningar, en större mängd rör som behövdes för att kyla men mindre vattentank att 

använda för att klara av att kyla under den varmaste sommardagen. De visade sig också att en 

temperatur på 24 °C i vattentanken var den bästa vid den varmaste sommardagen. Den längd 

på spiral som krävs är olika för den veckade slangen jämfört med den släta. För den veckade 

slangen krävs en längd på 1.8 km och en volymtank på 9.4 m3, jämfört med den släta slangen 

som kräver en längd på röret på 1.7 km och en vattentanksvolym på 12 m3. Som kan ses vid 

det här projektet så är den här typen av kylutrustning inte den optimala vid den varmaste 

sommardagen, men kan däremot funka för andra säsonger då temperaturen är lägre.   
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1. Introduction  

The rapid expansion of IT and data centers is all over the world, due to the high demand of 

users. But to decrease the carbon footprint, make more efficient way of cooling and to use 

the waste heat from the servers, it is new problems that needs to be solved to make the world 

more sustainable. The research has already proven to have come into terms with certain 

projects and are systems that works and help the environment in a sustainable and 

environmentally friendly way. 

Data centers require a lot of energy, because of that data centers counts as all the buildings, 

facilities and rooms that has equipment in them, such as servers, telecommunication, cooling 

equipment and power equipment. [1] These facilities need to be active 24 hours every day, 

365 days of the year [3] and the energy demand is increasing by 15-20 % every year. [4] One 

of the largest energy consumers in a data center is the cooling part, which often count as 

around 20%-60% of the energy use in data centers [1,10,12,13]. By comparison, IT equipment 

has an energy use of around 40%-50% [1] and the remaining equipment counts for around  

10 %. [11] In another comparison, the consumed energy by a department store is around 2.5 

times less than a data center and 10 times more than a standard commercial building. [10] 

The amount of electrical power in data centers has increased quickly in the recent years, with 

an energy demand 100 times higher than buildings and other related infrastructure. [1,2] In 

Figure 1 it is shown a diagram of an example of how the energy consumption is split in a data 

center.  

 

Figure 1: An example of how the energy consumption could look like in a data center. [1] 
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1.1. Compressor-based cooling  

The compressor-based solution that are being used to cool down data centers today uses hot-

aisle/cold-aisle configuration. The installation can in some respects look different, but the 

most common is that the floor is a little raised and goes in the data center through perforated 

tiles. The cold air is then desired by racks on the front side of each rack were the cold air goes 

through the racks and is later expelled at the back of each rack.  The hot air is later sought by 

a Computer Room Air Conditioning (CRAC unit) to be rejected to the external environment. 

The advantages of these types of system is that the fan speeds can be reduced, which means 

that the lifetime of this installation is prolonging. Another advantage is that the cooling costs 

is decreased by mixing the hot and cold air, but it is also this that is the disadvantage, due to 

that you do not want to mix them too much. If the two types of air are being mixed to much, 

the cooling will not work anymore. [13] An illustration of the system can be seen in Figure 2 

and a schematic scheme can be seen in Figure 3 down below.   

 

Figure 2: A illustration of the hot-air/cold-air configuration. [13. 

 

Figure 3: A schematic figure of the system of cooling by using compressor-based cooling. [13] 
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1.2. Free cooling technologies 

The main problems facing data centers today are for instance to reduce energy consumption, 

reduce the carbon footprint and to find efficient solutions for cooling, but also to use the heat 

that the servers bring to different occasions. [1,3] Today there are two main technologies 

which cools down data centers: airside free cooling and waterside free cooling. [1,2] There are 

other solutions, but these are the main that the focus has been on to get a better 

understanding of how to use free cooling as a method to cool down a data center. In Table 1, 

the different technologies have been divided into its own different methods and what that 

method means, and the following section goes deeper into how each technology works.  

Table 1: The different methods to cool down data centers [1,2]. 

 

1.2.1. Airside free cooling 

Airside free cooling, which also is called economizer cycle, is when the natural outside 

temperature is used for cooling the data center. This technology is utilizing the outside air to 

help cooling the data center. To get the right information from the outside, sensors are used 

to monitor the outside and inside temperature and conditions. If the conditions are 

appropriate, the outside air will directly be drawn in by the airside economizers for the direct 

airside free cooling. For the indirect airside free cooling, the air will be drawn in through an air 

to air heat exchanger. Recent studies show that 99 % of locations in Europe can use airside 

free cooling the year around and have a Class A2 (see Figure 1). It also shows that North 

TECHNOLOGY METHOD USAGE 

AIRSIDE FREE 
COOLING 

Direct 

Indirect 

Using cold air directly inside 

Utilize the cold air through a heat exchanger 

 

WATERSIDE FREE 
COOLING 

Direct water cooled 

Air cooled 

Cooling tower 

Using cold water directly 

Use air to cool the water which circulate 

Use a cooling tower to cool the  
circulating water 
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America has an ability that 75 % of the data centers can use airside free cooling up to 8500 

hours every year. Airside free cooling is a technique that has large potential. [1]  

1.2.1.1. Direct airside free cooling 

Direct airside free cooling is the simplest approach for different cooling technologies, due to 

its utilization of the outside air. Direct airside free cooling technology are using air ducts, fans, 

louvers, filters, vents and dampers to work properly. The heat inside the data center can then 

be removed when the outside colder air is put into the system. [2] In Figure 5, a schematic 

overview at a direct airside free cooling system is seen.  

 

Figure 4: Schematic figure over a direct airside free cooling system. [13] 

Research have found that the best environmental conditions for direct airside cooling is 

mixed-humid, warm and warm-marine climate zones, with will generate a significant energy 

saving. The technology is not efficient in dry, climate zones with a too low dew point 

temperature. In these climate conditions, the need for high energy fans, humidifiers and 

dehumidifiers is of need to make the technology work properly, which can offset the benefit 

of the free cooling. Even though this seems like a good solution to extend the energy savings, 

the technology also has its issues, climate change, air quality, high humidity, maintenance 

issues, unwanted particles and gaseous contaminant. Depending on these conditions, direct 

airside free cooling is very dependent on the local environment. If the air quality is not good, 

the data center may require a lot of contaminants. In this case, air filters can be used but they 

also can affect the required airflow volume for an effective cooling. The technology also is 

going to need control strategies and sensing devices is important, due to the indoor 

environment and if some error may occur. If the error is not solved, it can lead to equipment 

failure or wasteful energy consumption. [1,2]   
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1.2.1.2. Indirect airside free cooling 

The purpose of indirect airside free cooling is to solve the problems like air quality, unwanted 

particles etc. that are problems with the direct airside free cooling technology. The indirect 

airside free cooling uses the outside conditions without that the data center will come in direct 

contact with it. This is made through a heat exchanger. The outdoor air can in this case cool 

the heated air in the data center by circulating to the environment in an own loop. The most 

common heat exchange to use is the air-to-air heat exchanger, which provides a full parting 

between the two different air type; the one in the data center and the air outside. [2] In Figure 

6, a schematic picture of an air-to-air heat exchanger is seen.  

 

Figure 5: Schematic over an air-to-air heat exchanger, the most common technology in indirect airside free cooling. [13] 

As the outside air do not have contact with the heated air, it is possible to have closer control 

over air quality and humidity. The heat exchanger takes the most damage regarding for 

example dust and smoke, but this will of course affect the heat exchangers effectiveness. Due 

to the unwanted contaminants the heat exchange needs to stop, these technologies need 

constantly cleaning and sometimes regular replacement. [2] They also need to be quite huge, 

because of the big areas that data centers are. [1] 

1.2.2. Waterside free cooling  

Waterside free cooling, also known as liquid cooling, is using natural cold sources that goes 

through a cooling water infrastructure. [1] The cooling infrastructure usually contains of 

cooling towers which either partially or completely precools the return water from the data 

center. This type of technology also requires a mechanical cooling mode, not only free cooling 

mode, due to achieve the required heat rejection. Different types of waterside free cooling 

are either to directly pump in water into the datacenters or indirectly with help from cooling 

towers or dry coolers. Waterside free cooling is said to be one of the best methods to hold the 
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power usage effectiveness value around 1, which is a value over how efficient the data center 

is. A power usage effectiveness value (PUE) of 1 is the best. The three types that waterside 

free cooling can be divided into are; direct water-cooled system, air cooled system and cooling 

tower system. [2] 

1.2.2.1. Direct water-cooled 

 

Figure 6: Illustration of a data center at the ocean. 

Within a direct water-cooled system, the water is put into the data center directly, without 

any heat transfer steps. The thermal mass of water can maintain the ambient temperature in 

24 hours, which is good due to the cooling systems can have a good temperature for a long 

run. This approach is though this system requires to be close to natural cold water. One way 

to achieve this is to install a data center close to an ocean. [1] Direct water-cooled systems are 

more efficient than airside free cooling. [2] An illustration over how a data center could look 

like on the ocean can be seen in the Figure 7.  

1.2.2.2. Air cooled 

When the wet-bulb temperature outside is low enough, the air cooler in the system can be 

used to cool the water that is circulating into the Computer Room Air Conditioning unit (CRAC). 

One method that is often used is when the system has a second coil. One type that uses this 

system is the DX CRAC which has a second independent coil. With the right outside conditions, 
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the water can flow through the system without help from mechanical cooling. The problem 

with this approach is when the outside conditions is not good enough for free cooling, the 

system operates at traditional DX cooling mode, which also gives a lower efficiency than 

normal. [1] A figure over a system that is using air cooled system can be seen in Figure 8.  

 

Figure 7: Schematic overview for an air-cooled system. [2] 

1.2.2.3. Cooling tower 

A system which uses a cooling tower has two cycles. The first cycle, an internal loop, includes 

a chiller where the water is circulating through the CRACs. The other cycle, an external loop, 

includes a cooling tower circulating system where the hot wastewater is being cooled through 

evaporative cooling. This system requires some algorithms due to that the chiller cycle will 

stop when the outside temperature is cold enough. Then cold water will directly be fed into 

the data center. Cooling towers are more appropriate in mild weather when the outside air 

has a low wet bulb temperature and low humidity. The negative aspect of cooling tower is 

that large quantities of contaminants in the outside air will lead to loss in efficiency in the heat 

exchangers over time. [1,2] 

1.3. Thermal guidelines 

There are three main reasons why cooling systems in data centers requires a large amount of 
energy. The first is that the traditional vapor compressor system is needed all year around – 
both when it is cold outside and warm. The second reason is that it is a huge energy 
consumption in the piping system, due to the large number of pumps and fans that is 
transporting the cold water or air. And the third reason is that hot and cold air is mixed, which 
should be avoided to get the most efficient data centers. Airside free cooling can be used to 
solve the first problem. [1,2]  

To know which temperatures the data center will be most functional, a psychrometric chart is 

used. The diagram is divided into different classes; class A1 to class A4, this can be seen in 

Figure 8. This classes are to see in which conditions for the dry bulb temperature, moisture 

content, relative humidity and enthalpy that is the best for the environment in a data center. 

[1] To be able to use free cooling the supply inlet temperature in the air should be on the 

interval of 18°C-27°C and get a temperature out from the servers around 40°C -60°C, so the 
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temperature difference lays around 20°C. Sometimes it is necessary to add humidification into 

the servers to get the right conditions. [11] Another criterion to be able to use free cooling is 

that the outside air needs to be 5 °C colder than the inside air. [13] 

 

Figure 8: A psychrometric chart with the environmental classes for data centers. [9] 

The relatively cold climate in the northern part of Sweden is a huge opportunity to utilize the 

cold climate to use airside free cooling. Free cooling systems is of use when the climate is cold 

or mild and the efficiency is increasing quickly. This type of technology is not valid for climates 

that is hot, humid and rapidly changing weather areas. [2] Free cooling is either working better 

or worse strongly depending on the climate. If the climate is very cold, subarctic, cool-dry or 

cold-dry is a type of climate which often having the outdoor air dew point temperature lower 

than the outside dew point temperature. This means that it is important to add humidification 

into the cooling system, due to not having the trouble to need to handle a static environment. 

In climates that is very hot-humid the free cooling is unnecessary due to that the outside 

properties, such as enthalpy and temperature, is higher than the indoor properties, which 

causes the system to not even activate. The best type of climate for free cooling is either the 

mixed-humid, warm-marine or mixed-marine types. This due to that the outdoor properties, 

such as enthalpy and temperature, is lower than the indoor properties but also because of 

that it does not need to add extra humidification. [10,15,16] 

For the technologies in Table 1 to be the most efficient, the outdoor temperature needs to be 

sufficiently lower than inside the data center. If this is the case, the heat will naturally flow to 

the outside, without the need for any other help from for example compressor and the vapor-
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compression refrigeration system. If the outdoor temperature is lower, methods like airside 

free cooling, waterside free cooling and heat pipe free cooling can be an opportunity. If this 

technology is used, the compressor can be on stand-by, and therefore the data center can 

save significantly more energy. Free cooling is on the run to become one of the most 

prominent ways to make each data center more efficient, and it also has a great potential to 

be an application for cooling data centers. [1]  

1.4. 5G network 

The development for mobile users through 1G to 5G is huge.  1G corresponds to be able to 

use voice calls through your mobile and 2G is to be able to also send texts with your mobile. 

With the launch of 3G it was possible to browse on the web with your mobile. For 4G the 

difference where that it is possible to use a higher data speed and to see videos on your phone. 

And lastly, 5G will be used to serve consumers and bring the digitalization to the industries 

too. The 5G is that the data rates will be 100 times faster because of the instant supporting 

access to services and applications and the network latency will strongly decrease. [8]  

The introduction of 5G network brings new types of data centers to the market, that could 

potentially be more efficient in their way of cooling and therefore leave a smaller carbon 

footprint. The idea is to build small buildings as data centers called 5G EDGE data center with 

the ability to be placed anywhere, for the maximum speed. The best method of cooling these 

data centers are still in the research phase and to do it could in the northern part of Sweden 

could be through airside free cooling.  
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1.5. State-of-the-Art 

The research show that liquid cooling is the method that are suggested the most due to its 

ability to shorten the heat flow paths. The integration of heat pipes is also a method that are 

being suggested the most to do further research on, due to the ability of heat pipes that has 

a drastic reduction in the thermal resistance during the heat exchange. For the waste heat 

from data centers, research show that it is possible to utilize the waste heat to use for, for 

example heating of buildings, asportation refrigeration and feedwater heating. The capability 

to use waste heat as a resource will help to conserve the resources energy and water. [17] 

In Sweden, Luleå, Facebook has one of their data centers. This data center is using free cooling 

to cool down the facility. The building uses the outside air mixed with the waste heat from the 

servers to cool them down. Sometimes it needs to add humidity in the form av mist after the 

mixing of air, to not get static conditions which is not good for the IT-equipment. The supply 

temperature can vary between 19 °C-29 °C. The waste heat is either going outside again or 

back into the facility to be mixed with the cold outside air.  [11] 

In Finland, Helsinki, there is a data center built under the Uspenski Cathedral, known as the 

Academia server center. The place is 30 meters below ground and were before used as a bomb 

shelter during World War two, and now it is filled with servers. The current way of cooling this 

data center is by a waterside free cooling, by using the seawater, if not the cool cave is enough. 

Between the racks it goes water pipes that absorbs the heat from the servers and these water 

pipes goes into the district heating system and provides heating for 500 homes. [3,6]   

In Utikion, Switzerland, a nearby pool will be heated with the help from a data center. The 

data center is built by IBM Corp. The system will work that the hot air that is generated by the 

servers will go through a heat exchanger to warm up water and that water will further flow 

out into the swimming pool. IBM Corp themselves says that the heat that generates by these 

servers could potentially also heat 80 houses. [3,7] 

The possibilities are limitless to use data center’s waste heat as a resource. With all these 

types of systems that uses free cooling to cool down data centers, it is possible to do more 

research in the field of making this type of cooling system to implement in a 5G EDGE data 

center, instead of using compressor-based solutions.     
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1.6. Aim and objectives 

The aim of this project is to investigate if thermal energy storage with corrugated hoses or 

tubes of stainless steel as coils would be a better option for cooling a 5G EDGE data center 

module, where airside free cooling is used instead of compressor-based air condition 

solutions. 

The objectives for this project are as follows, 

• Literature review and knowledge collection. 

• Testbed design (fan, pipes, sensors) 

• Testbed construction, (placing, mounting, assembling)  

• Test conducting, (two diameters for both corrugated and smooth pipes) 

• Test evaluation (data gathering and analysis) 

• Design and planning of thermal storage airside free cooling (daily temperature variation, 

test data, data center power).  

• Report writing and disseminating (work will result as a report and presentation at 

university and companies involved).  

 

1.7. Limitations 

The limitations for this project are as follows, 

• No tests will be done on the 5G EDGE data center module, therefore no observation 

between the 5G EDGE data center and the water tank.  

• No heat losses between the water tank and the surroundings is considered.  

• The outside temperature is in these scenarios the temperature inside the datacenter lab, 

so none of the tests are done with the outside air. 

• The humidification is not considered.   
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2. Theory  

2.1. Cooling power 

To calculate the cooling power in the experiment the equation below is used,  

𝑄̇  𝑐𝑜𝑜𝑙𝑖𝑛𝑔  =  𝑚 𝑐𝑝(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) (1) 

were Q̇ is the cooling power, ṁ is the mass flow throughout the system, cp is the specific heat 

capacity for air with a constant pressure and Tin is the temperature in the beginning of the 

system, while Tout is the temperature at the end of the system.  

To be able to calculate the mass flow in the corrugated hose or coil, a velocity sensor [m/s], 

were used. The mass flow was then calculated by, 

𝑚  =  𝑣𝐴𝜌 (2) 

were v being the sensed velocity, A is the area of the corrugated hose and ρ the density of air. 

To calculate the area of a circle, the following equation were used,  

𝐴 = 𝜋𝑟2 (3) 

were r being the radius of the corrugated hose or coil.  

To see how much the fan in the system corresponds to in losses of power, the following 

equation was used to calculate for each input voltages, 

𝑃 = 𝑈𝐼 (4) 

Where P is the power, U is the voltage input and I is the current.  
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2.2. Free cooling  

To be able to calculate if free cooling is an option, the length of the coil and the volume of the 
water tank must first be calculated. 

To calculate the length of coil the following equation was used, 

𝐿 =  
𝑄̇𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

𝑄̇𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒/𝑚
 

(5) 

Where L is the length of coil that is needed, Qrequired the required capacity that the 5G EDGE 
module need to come up to, to be able to cool down and Qavailable the cooling power that is 
available per meter.  

To calculate how large the water tank should be the equation down below was used,  

𝑚3 =
𝑚𝑤𝑎𝑡𝑒𝑟

𝜌
 (6) 

Where m3 is the volume in cubic meters that is needed and ρ is the density of water, which is 

977 kg/m3. To calculate how much kilograms of water, mwater, that is needed, the following 

equation is used.  

𝑚𝑤𝑎𝑡𝑒𝑟 = 
𝑄̇𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

𝑐𝑝𝑤𝑎𝑡𝑒𝑟
𝑑𝑇

 
(7) 

Where cp the specific heat capacity for water which is 4,18 kJ/kgC, dT the temperature 

difference which is calculated as the average temperature of all during the recharge and 

Qrequired the required cooling power during a period of time.   
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3. Method 

3.1. Literature study  

To get a better understanding over how data centers work, a literature review has been done. 

This is foremost to gather information from academic articles to get a better understanding 

and to adapt it to the own experiment which has been done, but also to see how far the 

research is in the development of free cooling in different parts of the world. The articles were 

foremost searched in Luleå University of Technology’s own database, such as Scopus, Google 

Scolar and Web of Science.  

3.2. Experimental foundation 

The experimental formation and method to do the experiment can be seen in Figure 9, were 

it is modelled up to get a better understanding over how the experiment has been built up 

and how the process was done. It is worth to note that the experimental foundation is doubled 

so that it is more time efficient and the ability to do more tests are used, but the explanation 

of the experimental foundation will be described as the figure below, as one.  

 

 

Figure 9:  Illustration of the experimental set up and method for analysis of the data. 
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A velocity sensor, v, is used to get the velocity of air within the corrugated hoses and smooth 

tubes. This velocity sensor is called EE576 and is measuring in the units of [m/s] between 0 

m/s – 2 m/s. From that the mass flow could be calculated, by using equation 2. Two 

temperature sensors, Tin and Tout, are used to get both the inlet temperature and the outlet 

temperature, these were PT100. There are also two more PT100 to sense the ambient 

temperature and the water temperature in the tank. Tube straws are placed in the beginning 

to get a laminar flow, this is to make the velocity sensor measurements more stable. The fan 

is used to be able to choose different velocities to analyze how the parameters differs due to 

velocity changes and the fan has a range of 1-10 V.  

To prevent leakage of air within the system, different solutions were made for the different 

equipment tools. For the fan, both rubber band were placed around and then taped. The 

measurements equipment tools were sealed by tape. To get the whole installation with the 

same height, small cubes was made by foam to make it even. The smaller coils were sealed by 

bubble wrap and the large coils were sealed by a layer bubble wrap around and then tape 

outwardly. The isolation was built so that the water tank was isolated with the help of 

styrofoam and plywood around the tank, but the plywood also helped the styrofoam to hold 

where it should be. The tank is also leveled up by bricks at the bottom and has a ceiling of 

plywood upon it.  

The electrics were built with the help from a “Moxa” and a “Raspberry Pi”, as also can be seen 

in Figure 9 above.  The fan is connected to the “Moxa”, while both the temperature sensors 

and velocity sensors are connected to the “Raspberry Pi”. The temperature sensors were 

connected as one-wire, which is that the sensors are connected as a snake with sensors that 

goes out to get the temperature where it needs to be. The cables are connected with the help 

of cubes in different sizes with holes in them to be able to connect cables to each other.  
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3.3. The corrugated hoses and tubes 

The two corrugated hoses that are tested is both 4,5 meters each and are ribbed to get a 

turbulent flow in the system, which will have a Reynold number above 3000 [5]. This to make 

the air within the corrugated hose to have a constant move. The tubes are done as coils from 

the beginning and are also 4,5 m long with the same dimensions as the corrugated hoses. The 

only difference is that the diameter of the coil is different for the large corrugated hose and 

large tube. The reason why it is different is dependent on that Bensby Rostfria did not have 

the equipment to make the coil around 200 mm. A compilation for the difference diameters 

and the length of each coil can be seen in Table 2. The total cooling power that the tests gets 

is the length of corrugated hose or coil in the water tank, hence if it is, for example 4 m of coil 

in the water then the cooling power is per 4 meters of coil.  

Table 2: Values for the coils.  

COIL INSIDE DIAMETER COIL DIAMETER LENGHT LENGHT IN WATER 

SMALL  
CORRUGATED HOSE  

12 mm 150 mm 4,5 m 4 m 

LARGE  
CORRUAGTED HOSE 

25 mm 200 mm 4,5 m 4 m 

SMALL TUBE 12 mm 150 mm 4,5 m 4 m 

LARGE TUBE 25 mm  300 mm 4,5 m  4 m 

     

3.4. Data collection  

All the data was collected in Zabbix and Grafana to get a clear understanding what was 

happening and to have a clear view over the different values. The equation that was used to 

calculate the cooling power is equation 1. Zabbix is updating every 30 seconds from the 

sensors, so the cooling power will be for every 30 seconds for as long as the test is going. To 

be able to get everything into Zabbix, a Python script were made for the velocity sensor, due 

to its non-linearity. The temperature sensors could be placed in Zabbix as they were. The 

values that were analyzed was the cooling power, the fan voltage and the velocity sensor 

voltage, the velocity, the mass flow and the ambient and water temperature. And the values 

that were of interest for further analysis was the cooling power, the mass flow and both 

temperature differences. The values were taken into Excel as an CSV-file but was exported to 

Excel file instead, because it is easier to work with. All the tests for the same coil were put into 

the same Excel sheet by coping and pasting, this to be easier to later analyze the data in 

Matlab.  
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3.5. The tests 

To see over which input voltages on the fan that was of interest, fan curves were made for 
both the coils; the corrugated and the smooth tube. Three different points was considered to 
do further analysis on with later tests. The values that were analyzed during the fan curve 
process was the mass flow and the input voltage. The fan curves were made by taking the 
value of the mass flow and the input voltage and do a script in Matlab with a plot that 
corresponds to input voltage on the x-axis and the mass flow on the y-axis.  

The cooling tests were done three times for every input voltage to get a more reliable value 

of the cooling power, as it is a mean value for the whole period that the test was on. All those 

was calculated within Zabbix with equation 1, every 30 seconds. To analyze this data, it was 

imported into Matlab throughout Excel. Firstly, an analysis was made to see if the three tests 

was equal or if it was some test that was alone. If a test was alone, it was done again. The 

reason why the test needed to be done again was because then the later calculations could 

have more error than it needed to be, due to that the three tests was not done as good as 

possible. If the three tests were showing different temperatures, something in the set up could 

be different from before, and therefore another result should been there. Figure 10 illustrates 

how the tests could look when the test was done again due to different outputs, where test 3 

was not were the other two tests were, so therefore test 3 was done again.  

 

Figure 10: Analyze if the three tests was equal for the same input voltage, showing when a test was done again due to 
difference in the temperatures within the three tests. In this experiemnt, test 3 was done again.   
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To be able to use all three tests in the further analysis, a trend line was made for all those 

three tests. When this was done, a polynomial was made out of the trend line and further 

analysis of the free cooling could be done, by using the polynomial for each input. Those 

polynomials were the mass flow, the cooling power, the temperature difference with the air 

in and air out of the system and the temperature difference between the air in and the water 

in the water tank for each test.  

3.6. Data analysis of free cooling for the 5G EDGE data center  

The calculations that was made for the free cooling was all calculated by hand. To first 

establish if free cooling is an option, data of the weather in Luleå throughout five years past 

(2015-2019), was collected. Thereafter the warmest day of each year was taking out by 

searching in the Excel file over every day that had a temperature over 20°C during the day. 

The mean temperature of all those days was written down to see which five days that was the 

warmest for each year. Then a period of time 12:00 in the previous day to time 00:00 the 

coming day was taken to get both a discharge and a recharge period. The collection was hour 

based.  

The calculations over how long the coil should be within the water tank was made with 

equation 5, where the required cooling power is the capacity of the 5G module over every 

hour that are over the temperature in the data hall, which is the time the data hall needs to 

be cooled. The cooling power that is gathered is taken hourly to calculate how much power 

that could be recharge during the day, which often is during the night because then it is lower 

temperatures. The gathered cooling power is within a per a certain number of meters, so that 

needs to be calculated per meter before doing the next step in the calculation. The water 

tanks volume was calculated with equation 6 and equation 7. For each different temperature 

in the data hall a new calculation was made. The required cooling power needed to change 

from Wh to Joules, which is a factor of 3600. Firstly, the calculations over how much kilograms 

of water that was needed was done, to later be able to calculate how big the water tank 

needed to be in cubic meters.  

The calculations that was made to see how the pipes was suppose to fit into the water tank, 

the area for the 5G EDGE module was used, and to see how big the water tank needed to be 

for the coils, the depth changed. The calculations were done for the smooth tubes; hence it 

was the larger one of the two in coil size. The measurements of the 5G EDGE module was 

known, but also the measures for the coil size and diameter for the smooth tube. Therefore, 

the number of coils could be calculated by divide the height of the 5G module by the diameter 

for the smooth tube, hence the number of coils within the water tank was calculated. The 

calculations over how long each row should be in coil size, was done by measure the perimeter 

around one coil to later multiply it by the diameter for the coil. Hence, the length for one coil 

was measured. Thereafter the length over how much smooth tube that is necessary to cool 

down the data center divided by how long it could be for one row, gave the result for how 

many rows that was necessary. The width of the coil was measured and then to know how 
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long in depth the water tank needed to be, the number of rows multiplied by the diameter for 

each row was taken.   
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4. Results 

4.1. Values in the data lab  

Important values for air can be seen in Table 3, where the pressure is constant at atmospheric 

pressure of 101.325 kPa. The temperature in the data center lab was around 15 °C so the 

values was taken for that temperature.  

Table 3: Important values of air at atmospheric pressure [5]. 

TEMPERATURE VALUE 

T = 15 °C cp = 1.006 kJ/kg K 

ρ = 1.200 kg/m3 

4.2. Fan curves 

The fan curves are divided in to two separates, one for the corrugated hoses and the other for 
the smooth tubes. The fan curves for the corrugated hoses can be seen in Figure 12. The input 
voltages that was of interest to look further upon for the large corrugated hose was 3V, 6V 
and 9V. For the smaller corrugated hose, no further experiments will be done due to no input 
voltages that gives a mass flow to do further analysis on.  

 

 

 

 

 

 

 

 

 

 

Figure 12: Fan curve for each corrugated hose, showing both the mass in comparison to the input voltage for the fan. 
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For the smooth tubes the fan curve can be seen in Figure 13. For the large smooth tube voltage 

inputs that was interesting to look into further was 3V, 6V and 9V and for the small smooth 

tube the input voltages that was interesting to look further on was 4V, 7V and 9V.  

 

Figure 13: Fan curve for each smooth tube, showing both the mass in comparison to the input voltage for the fan. 

4.3. Cooling storage tests 

4.3.1. Corrugated hose 

The table below illustrate how the mean cooling power differ with the fan losses and without 
the fan losses. As can be seen, the best input voltage of the fan is 6V as that value gives the 
largest cooling power with the fan losses. For the higher input voltage of 9V, which is mostly 
the same as the input voltage of 3V, can be seen that the fan power is too high to be of value.  

Table 4: A compilation over the mean cooling power for the 25 mm corrugated hose and each input voltage over three tests. 

INPUT 
VOLTAGE 

MEAN COOLING POWER 
Without fan power 

MEAN COOLING POWER 
With fan power 

3 20.1 W 14.1 W 
6 41.0 W 23 W 
9 64.8 W 16.8 W 
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As can be seen in the figure above, there are different temperature differences that works for 
different cooling powers. For the corrugated hose with fan losses, can be seen that between 

temperature differences of dT3-dT5 3V as input voltages should be used, and thereafter with 
higher temperature differences an input voltage of 6V should be used for dT5-dT10. With 
higher temperature differences, the input voltage of 9V is of value. For temperature 
differences below dT3 the fan power is higher than the actual cooling power that is gathered.  

4.3.2. Smooth tubes 

To get an understanding over how much the small smooth tube and the large smooth tube 
differ in cooling power, tests was made for both of them with the input voltage of 9V.  

Table 5: A compilation over the mean cooling power for each tube and each input voltage for three tests, without the fan 
power.  

INPUT 
VOLTAGE 

MEAN COOLING POWER 
25 mm 

MEAN COOLING POWER 
12 mm 

9 63.9 W 33.1 W 

 

 

Figure 14: The cooling power on the y-axis with the temperature difference between the air in and the water in the tank, both with and 
without the fan power.  
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As can be seen from the table above, the mean cooling power over three tests is larger for the 
large smooth tube compared to the small one. Note that these values do not take the fan 
losses into account, if it would the mean cooling power for the 12mm-coil would be negative, 
a.k.a. the fan losses are higher than the actual cooling power. Therefore, further analysis of 
this type of coil is done with the large smooth tube.  

For the larger smooth tube, the compilation of the mean cooling power with and without fan 
losses can be seen in Table 6. As can be seen, the fan losses are the largest for the largest input 
voltages, hence the middle input voltage of 6V is where the cooling power is the large.  

Table 6: A compilation over the mean cooling power for the 25 mm smooth tube and each input voltage over three tests. 

INPUT 
VOLTAGE 

MEAN COOLING POWER 
Without fan power 

MEAN COOLING POWER 
With fan power 

3 21.6 W 15.6 W 
6 46.2 W 28.2 W 
9 63.9 W 15.9 W 

 

 

 

Figure 15: The cooling power on the y-axis with the temperature difference between the air in and the water in the tank, both with and 
without the fan power. 
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As can be seen in Figure 15, there are different temperature differences that works for 
different cooling powers, as for the smooth tube. For the smooth with fan losses, can be seen 
that between temperature differences of dT1.5-dT2 3V as input voltages should be used, 
thereafter with higher temperature differences than dT2, the input voltage of 6V should be 
used.  

4.4. Free cooling for 5G data center    

In the figure below, the mean temperature of the warmest day in Luleå, during the period of 
2015-2019, is seen.  

 

Figure 16: Temperature of the warmest day in Luleå, mean of period 2015-2019. 

The red lines in Figure 16 are within ASHRAE’s recommendation (see Figure 8) for how warm 
the data hall can be to be able to use free cooling, which is 18°-27°C. The two green lines are 
temperatures that are normally in the data hall in Luleå a warm summer day. The first one is 
20°C which is the temperature in the data hall, and the other one is 24°C which is what the 
temperature normally is in a module during summer. In this project, those temperatures were 
estimated to be in the water tank and calculated thereafter. The 5G module has a capacity of 
10kWh hourly. 

In Table 6, the results for the smooth tube is presented and in Table 7 the result for the 
corrugated hose can be seen. As can be seen in Table 7, the 18°C in the data hall is not possible 
due to that the temperature differences are too small, so the fan power is higher than the 
actual cooling power. Both for the corrugated hose and the smooth tube is that the best 
temperature in the data hall is 24°C, due to it is manageable sizes on both the water tank and 
the coils, with a length of pipe as 1.7 km and 1.8 km and a water tank volume of 12 m3 and  
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9.4 m3, respectively. The corrugated hose does though have a very noisy sound when the input 
voltage is increasing.  

Table 7: Compilation of smooth tube. 

Temperature 
in data center 

18 °C 20 °C 24 °C 

Required cooling 
power 

200 kWh 
(720000 kJ) 

160 kWh 
(576000 kJ) 

70 kWh 
(252000 kJ) 

Recharge / Discharge 3h / 20h 7h / 16h 14h / 7h 

Variable Length Volume Length Volume Length  Volume  

Smooth tube 800 km 103 m3 32 km 47 m3 1.7 km 12 m3 

 

Table 8: Compilation of corrugated hose.  

Temperature 
in data center 

18 °C 20 °C 24 °C 

Required cooling 
power 

200 kWh 
(720000 kJ) 

160 kWh 
(576000 kJ) 

70 kWh 
(252000 kJ) 

Recharge / Discharge - 3h / 16h 11h / 7h 

Variable Length Volume Length Volume Length  Volume  

Corrugated hose - - 71 km 38 m3 1.8 km 9.4 m3 
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4.5. Optimization of the coils 

To get a clear understanding over which of the coils that gave the better result over each input 
voltage, an optimization was made. The input voltages that is with bold lettering is for the 
corrugated hose and the normal lettering is for the smooth tube. As can be seen, the smooth 
tube never has the input voltage of 9V to be efficient, compared to that the corrugated hose 
have it when the temperature differences are 10 °C or higher. The results from this also shows 
that for temperature differences higher than 7 °C, the corrugated hose is better than the 
smooth tube, and the smooth tube is better with the smaller temperature differences.   

 

Figure 17: An optimization over the both coils to see over which temperature differences that either of the coils is better 
than the other one. As can be seen, the corrugated hose becomes better when the temperature differences are 7 °C or 

higher. 
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4.6. Design of the free cooling system 

The 5G EDGE module is 3 meters high and 2.5 meters broad, with a capacity that needs a 
cooling of 10kWh. The design for the free cooling system is represented in the figure below. 

 

Figure 18: The design for the free cooling system as if it would be implemented in the 5G module.  

As can be seen in Figure 18, an example over how to install the system between the input air 
and the water in the tank is shown. The water tanks volume from the previous tables, Table 7 
and Table 8 is not considered. It is only measured how large the water tank is needed to be to 
be able to use the number of coils that is necessary to cool down the data center. The length 
of pipe that was considered were the smooth tube for 24 °C in the data center, due to that 
shows the most efficient values within the small temperature differences that is between the 
data center and the outside air during summer days.  

For the smooth tube, with a length of tube of 1.8 km, the number of coils within the tank can 
be up to 12 with a diameter of 300 mm and a width of 25 mm, see Figure 18. For this set up 
to cool down the 5G module for the warmest summer day, it is needed 73 rows by 12 coils 
each, which means 73 fans, with a depth for the water tank of 1.9 m.  

 

Figure 19: Measurements for the coils.   
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5. Discussion 

As can be seen in many articles, the ability to change from compressor-based solutions for 

cooling data centers is an opportunity in most climates. Instead of compressor-based cooling, 

it is in the run to become more popular to use free cooling.  This is a relatively new method, 

but the ability to use the ambient air instead of compressor-based cooling is of high interest. 

The ability to install free cooling in the 5G modules instead of compressor-based solution 

would therefore benefit both the environment but also sustainability for the long term.  

The errors that can be seen in such an experiment that has been done here are a few. Firstly, 

everything is built by hand. This means that it is almost certain some leakage of air in the 

system somewhere that make the air go outside the system and not within. When it was a 

large leakage of air within the system, right before the fan, the result was that the cooling 

power was higher that it should be. The reason why this was established was because earlier 

tests had been done that shown a smaller cooling power. The reason why the cooling power 

was so much larger can be because of the velocity sensor. This sensor is measuring how fast 

the air is flowing within the pipe and when leakage occurred, the mass flow was increasing 

due to that the air did not have to travel through the smaller corrugated/smooth coils in water. 

This due to pressure difference in the pipe and the corrugated/smooth coils can be the answer 

to why the mass flow was increasing. Another error during this experiment was that the 

isolation was only built around and above the water tanks, it was not any isolation between 

the two tanks in the experiment. This means that it was a small amount of heat transfer 

between the two water tanks, that could potentially interfere with the experiment. As could 

be seen the experiments, when two tests were done during the same time, the experiment 

took a longer time. The two tanks did not come up to equilibrium so the heat transfer between 

the two tanks must have been small.  

The isolation was done by using plywood and styrofoam around the two tanks. The isolation 

could have been better due to that the tests do take a long time, and the longer the tests does 

to make, the more impact on the air around it has. It could have been of interest to use some 

better material around the whole tanks, so the tests could not have been interfering with the 

outside air. One example of which type of isolation that could have been used is the one that 

are used in buildings, the yellow that are sticky when you touch it.  If the isolation was better, 

it would have been easier to establish if it was the coil that warmed the water or if it was the 

outside air. For example, the input voltage of 3V which was the one that took the longest time 

to be done, it would have been of interest to look further in to how much of the warmth was 

from the outside and not from the coil that was of warmer air that should warm the water in 

the tank.  
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One aspect that is very important while handling this type of systems is the humidification. 

The humidification was not looked upon in this experiment, but it is a variable that is of high 

interest to do further analysis on. This because of that when taking care of electric equipment, 

it cannot be static. It has to be a certain amount of humidification in these systems so it can 

function as it should. If the equipment is less humidifying than it should, the equipment can 

be static and therefore get dangerous to handle.  

The trendlines, as can be seen in Appendices A, shows that the smooth tube gives a larger 

value in the mass flow compared to the corrugated hose for the same size. One could argue 

that the mass flow should be higher for the smooth tube due to that it is easier for the air to 

go through and therefore more air are going in throughout the system, while for the 

corrugated hose the pressure is higher to push through the air. But the experiments show the 

exact opposite, that the corrugated hose gives a larger mass flow. This could be that the 

corrugation in the corrugated hose do not make it harder for the air to travel, but easier for 

it. It could also be, see Table 2, that the coil itself is of interest to look further in to. Where the 

coil size for the corrugated hose is 200 mm while for the smooth tube it is 300 mm. So 

therefore, it could be of interest to look if a coil size of, for example, 100 mm, gives an even 

higher mass flow, which further gives a higher cooling power.  

The comparison between the corrugated hose and the smooth tube, see Table 4 and Table 6, 

can be seen that the smooth tube has a larger cooling power compared to the corrugated 

hose. The reason can be just as the discussion above is implementing, that the mass flow is 

larger for the smooth tube. It can also be seen in the compilation for the smooth tube and 

corrugated hose, see Table 7 and Table 8, that the smooth tube has a larger spectrum of 

temperature differences that can be used. However, for the corrugated hoes, larger 

temperature differences give a higher cooling power compared to the smooth tube, as can be 

seen in Figure 14 compared to Figure 15. It is therefore of value to see that the corrugated 

hose is better with higher temperature differences other parts of the year. But for the 

warmest day during summer, the smooth tube gives values for even 18 °C in the data hall. It 

is a value that is not of interest, but it shows that the smooth tube is working throughout 

smaller temperature differences and is therefore better during the warmest day during 

summer. However, the corrugated hose gives larger values for higher temperature 

differences, which could be further analyzed if the experiment would show the whole years 

weather. If that would be done, the tests almost certain shows that the corrugated hose will 

give a larger cooling power, and therefore smaller amount of pipe and a smaller sized water 

tank to be able to cool down. One could also argue that it is not possible to use free cooling at 

all for the warmest day in Luleå during summer, due to that according to research the 

temperature differences needs to be over 5 °C to be of interest. It could also show for the 

corrugated hose who had a negative value, which means that the fan losses are higher than 

the cooling power, for temperature differences under 3 °C. 
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But the corrugated hose has one large disadvantage for itself. When the input voltages are 

increasing, it becomes resonance within the corrugated hose, which gives away a very high-

pitched sound that is very noisy. It would become this phenomenon “not in my backyard”, 

everyone would most certainly enjoy the idea for a more environmentally friendly way to use 

data centers, but not near you so you get disrupted. No one can work or live nearby if this 

would be installed near you with the 5G modules. Therefore, it is of much interest to see if it 

is possible to find some solution for the corrugated hose to not be that noisy, it would be 

better to use the corrugated hose for the majority of the year compared to the smooth tube.  
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6. Conclusions 

The conclusions for this master thesis are that the corrugated hose is better with larger 

temperature differences, hence the small tube is of interest during the summer days with 

smaller temperature differences. But, the massive amount of coil and the massive water tank 

that is necessary to be able to cool down the 5G EDGE module is not the most efficient way to 

use. Also, the restrictions to use free cooling is of a temperature difference of 5°C could not 

be considered for the warmest summer days in Luleå, thus the temperature difference was 

lower. Therefore, this is a method that could not been applied for the warmest summer days 

in Luleå, but it could be of interest to see over which seasons this efficient and enviornemtal 

friendly method is of use.   
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7. Future work 

There are a few aspects that could be of interest to study further in this application, such as: 

• In this work the humidification was not considered. To be able to use free cooling, it is of 

necessity to see that the humidification is in the right conditions, to get a more reliable 

result and to be able to use this application in the future.  

• Do more tests on the corrugated hose and the smooth tube to really establish which one 

of them that gives the best result.  

• Do more research how the weather in Luleå behave throughout the whole year to see 

how much of one year that it is possible to use free cooling.  

• Do more weather research for larger cities in Sweden, and even maybe in the whole 

Europe and/or world, to see where it is possible to use this free cooling equipment, as 

long as the weather corresponds to ASHRAE’s recommendation.  

• Compare different coils sizes due to that the smaller one of 200 mm gave a larger mass 

flow compared to the 300 mm.  

• Analyze if it is possible to use some kind of isolation or different set up to get rid of the 

noise that the corrugated hose is doing when the input voltage is increasing.  

• As could be seen in the result, the larger the pipe is the higher the cooling power. 

Therefore, it would be of interest to try the same experiments with a larger corrugated 

hose/smooth tube to see if the water tank and length of pipe could be reduced.  

• Do calculations and do comparisons between the free cooling application and the 

compressor-based and analyze how much more cooling power the compressor-based 

solution gives.  



33 

 

References 

 [1] Zhang, H., Shao, S., Xu, H., Zou, H. and Tian, C. Free cooling of data centers: A review.                 
Renewable and Sustainable Energy Review, 171-182, 22th of April 2014 

[2] Daraghmeh, M., H. and Wang, C. A review of current status of free cooling in datacenters. 
Applied Thermal Engineering, 1224-1239, 20th of October 2016.  

[3] Carbó, A., Oró, E., Salom, J., Canuto, M., Macías, M. and Guitart, J. Experimental and 
numerical analysis for potential heat reuse in liquid cooled data centres. Energy Conversion 
and Management, 135-145, 19th of January 2016. 

[4] Oró, E., Depoorter, V., Pflugradt, N. and Salom, J. Overview of direct air free cooling and 
thermal energy storage potential energy savings in data centres. Applied Thermal Engineering, 
100-110, 9th March 2015. 

[5] Incropera, P., F., Dewitt, P., D., Bergman, L., T. and Lavine, S., A. 2013. Principles of heat 
and mass transfer. 7th edition. John Wiley and Sons Ltd  

[6] William J. Building of the week: The Uspenski data center. 
https://earthbound.report/2014/05/16/building-of-the-week-the-uspenski-data-center/ 
(accessed 2020-01-28).  
 
[7] Miller, R. Data center used to heat swimming pool. 
https://www.datacenterknowledge.com/archives/2008/04/02/data-center-used-to-heat-
swimming-pool (accessed 2020-01-28).  
 
[8] Ericsson. What is 5G? https://www.ericsson.com/en/5g/what-is-5g (accessed 2020-01-
28). 
 
[9] ASHRAE. Equipment Thermal Guidelines for Data Processing Environments. Fourth 
Edition. License 2019-12-13.  
 
[10] Lee, K. and Chen H., Analysis of energy saving potential of air-side free cooling for data 
centers in worldwide climate zones. Energy and buildings, 103-112, 25th of April 2013.  
 
[11] Johan Larsson Facebook, tour guide 5th of February 2020.  
 
[12] Jiacheng, N. and Xuelian, B. A review of air conditions energy performance in data 
centers. Renewable and sustainable energy reviews, 625-640, 2017.  
 
[13] Nadjahi, C., Louahlia, H. and Lemasson, S. A review of thermal management and 
innovative cooling strategies for data center. Sustainable Computing: Informatics and 
Systems, 14-28, 24th of May 2018.  
 
 

https://earthbound.report/2014/05/16/building-of-the-week-the-uspenski-data-center/
https://www.datacenterknowledge.com/archives/2008/04/02/data-center-used-to-heat-swimming-pool
https://www.datacenterknowledge.com/archives/2008/04/02/data-center-used-to-heat-swimming-pool
https://www.ericsson.com/en/5g/what-is-5g


34 

 

 
[14] SMHI. https://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-
observationer/#param=airtemperatureInstant,stations=all,stationid=162860 (accessed 2020-
02-06). 
 
[15] Dyemi-Dashtebayaz, M. and Namanlo, V. S. Potentiometric and economic analysis of 
using air and water-side economizers for data center cooling based on various weather 
conditions. International Journal of Refrigeration, 213-225, 9th of January 2019.  
 
[16] Díaz, J. A., Cáceres, R., Torres, R., Cardemil, M. J. and Silva-Llanca, L. Effect of climate 
conditions on the thermodynamic performance of a data center cooling system under water-
side economization. Energy and buildings, volume 208, 25th of November 2019.  
 
[17] Li, Z. and Kandlikar, G.S. Current Status and Future Trends in Data-Center Cooling 
Strategies. Heat Transfer Engineering, 523-538, 2015. 
 
  

https://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-observationer/#param=airtemperatureInstant,stations=all,stationid=162860
https://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-observationer/#param=airtemperatureInstant,stations=all,stationid=162860


35 

 

Appendices 

Here after follows three pictures of the trendlines for the corrugated hose, for firstly 3V then 
6V and last 9V as input voltages. 

 

Figure 20: Input voltage of 3V, corrugated hose, 25 mm.  

 

Figure 21: Input voltage of 6V, corrugated hose, 25 mm.  
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Figure 22: Input voltage of 9V, corrugated hose, 25 mm.  

Here after follows three pictures of the trendlines for the smooth tube, for firstly 3V then 6V 
and last 9V as input voltages. 

 

Figure 23: Input voltage of 3V, smooth tube, 25 mm.  
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Figure 24: Input voltage of 6V, smooth tube, 25 mm.  

 

Figure 25: Input voltage of 9V, smooth tube, 25 mm.  

 

  


