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Abstract 

This study was regarding the waterjets in the water atomization process. This is because the 

understanding of the waterjets is not complete and with a greater understanding the 

production of metal powder could be improved. 

The waterjets were going to be categorized according to their wave function, size and 

distribution of the droplets and the three regimes that Höganäs had divided up the jets into 

was also analyzed. The three regimes depend on the jets characteristics and the regimes are 

the transparent, milky and the droplet jet. 

The purpose was to get a better understanding of the correlation between velocity, 

temperature, waves, size and distribution of the droplets in a 50 cm long waterjet. 

The method to enhance the understanding of this project was to first do theoretical solution 

with the help of fluid dynamics. Weber, Reynolds and Ohnesorge number were calculated 

and evaluated to get a better understanding of the waterjet. Secondly, experiments were 

conducted where a waterjet with different nozzles and temperatures was filmed with a high-

speed camera and the videos were analyzed with the help of a software package called 

ImageJ. 

The results show the correlation between increasing temperature and decreasing droplet 

size and a less cohesive waterjet core. The conclusion from the study was that with the help 

of temperature one can help control the droplet size. 
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Sammanfattning 

Denna studie angår vattenstrålar i en vattenatomiserings process vid tillverkning av 

metallpulver och en bättre förståelse skulle förbättra tillverkningen av metallpulver.  

Vattenstrålen skulle kartläggas enligt dess vågfunktion, storlek och spridning av dropparna 

och de tre regionerna som Höganäs har delat upp vattenstrålen i skulle analyseras. 

Regionerna är beroende av strålens karaktäristiska utseenden vid olika delare av 

vattenstrålen och är genomskinlig, mjölkig och dropp stråle.  

Syftet med studien var att få en bättre förståelse av sambandet mellan hastighet, temperatur, 

vågor, storlek och spridning av dropparna i en 50 cm lång vattenstråle. 

Metoden som användes för att öka förståelsen av vattenstrålen var först en teoretisk del med 

hjälp av fluidmekanik. Weber, Reynolds och Ohnesorge tal beräknades och utvärderades för 

att ge en teoretisk förståelse för vattenstrålen. Sedan utfördes vattenflödesexperiment, där 

vattenstrålen filmades med olika munstycken och temperaturer med en 

höghastighetskamera och videon analyserades med hjälp av mjukvaran kallad ImageJ.  

Resultaten visar ett samband mellan ökad temperatur och minskad droppstorlek och en mer 

uppbruten kärna av vattenstrålen. Slutsatsen från studien var att man med hjälp av 

temperaturen kan reglera droppstorleken. 
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List of Symbols 

α Angle of waterjets in the water atomization process. [º] 

FA The force that breaks and deforms the droplet. [N] 

CW Drag coefficient [-]  

L Length of droplet [m] 

ρ Density of water [kg/m3] 

v Relative Velocity [m/s] 

Fk The cohesive force that that keeps the droplet from breaking up [N] 

σ Surface tension [J/m2] 

We Weber’s number [-] 

Re Reynolds number [-] 

μ Dynamic viscosity [Pa * s] 

V Kinematic viscosity [m2 * s-1] 

Oh Ohnesorge Number [-] 

p Pressure [Pa] 

z Height [m] 

de Oval Equivalent Diameter [m] 

Q Flow rate [m3/s] 

A Area [m2] 

f Frequency [Hz] 

λ Wavelength [m] 

T Period [s] 

P Perimeter oval duct [m] 

a The Long Diameter of an Oval [m] 

b The Short Diameter of an Oval [m] 
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1 Introduction  

1.1 Essence of the Study  

The object of the project was regarding the water atomization process for producing metal 

powders and this project was given by Höganäs AB who is a Swedish company that 

produces metal powders. The part of the water atomization process that was going to be 

examined was the waterjets that break up the melt into droplets. This was to get a more 

comprehensive knowledge of the waterjets because the understanding is not complete, and 

the production of metal powder could be improved. 

The task was to characterize and to get a comprehensive understanding of the waterjet flow 

with different types of nozzles. Four different sized nozzles were provided by Höganäs for the 

experiments. The nozzles had oval shaped holes. Changing the size of the nozzle gave 

different velocities and that was the only way to change it because the pressure on the 

Kärcher pressure-washer could not be altered. 

To get a more comprehensive understanding of the waterjet the correlation between the 

velocities, temperature, droplet size was examined. The waterjet was also broken down into 

three parts with regards to the different characteristics such as the shape and size, see figure 

1. The aim of this study was to see how the waterjet changes with different nozzles and 

temperatures of water. 

The reason why the waterjets are interesting is because of the size and shape of the grain of 

the metal powder depends of the characteristics of the waterjets. 

 

Figure 1: Höganäs three Regimes [1].  

1.2 The Approach  

The experiments were conducted in a water laboratory at KTH. The experiments purpose 

was to analyze the waterjets and was conducted using a high-pressure washer and a high-

speed camera. The high-speed camera was used to get a visual study of the waterjet flow-

pattern to better understand and map the different regimes. The parameters that can be 

altered in the experiments to get a better understanding of the waterjet behavior is the 

temperature of the water and the size of the nozzles. The videos gathered with the camera 

was analyzed with a photo editing program to see differences in the waterjet in slow-motion.  
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2 Powder Metallurgy  

2.1 Advantages of Metal Powder  

Metal powder has a range of uses but is mostly used to create complex and lightweight 

structure that cannot be created with the help of more common casting methods. 70 % of 

metal powder is aimed towards the automotive industry. This is because the metal powder 

can make more complex and lightweight structure, this is beneficial in cars. The automotive 

industry always strives after manufacturing cars that weigh less to cut down on fuel 

consumption and on material costs. With metal powders both these can be achieved [2]. 

These processes are two good ways of producing advanced and complex structures. 

Sintering is relatively cheap and large quantities can be produced. 3D printing is more 

expansive, but more complex structures can be produced [3, 4]. 

Creating products from metal powder have a series of advantages over more traditional 

production methods. These advantages are cost savings due less energy is used and less 

material is wasted, better surface finish, minimal machining is required after casting and it is 

easier to customize the product [5]. 

2.2 Water Atomization Process 

The water atomization process is a process of transforming a melt of a material into a 

powder. This is probably one, or if not the most cost-efficient way of producing irregular 

shaped powders. This method is used in the production of iron, steel and other metal 

powders. This is the most common method of producing metal powders. The way the 

process works is that liquid metal flows through a nozzle vertically and is hit by water 

horizontally that is pushed through one or several special designed nozzles under high-

pressure producing several high-pressure waterjets as seen in figure 2 [3]. 

The waterjets break the melt up to droplets by cratering, stripping, splashing and bursting 

mechanisms, that later solidify in the water. Because of the rapid cooling properties of water, 

the particles that are generated have irregular shapes and have a rough surface with some 

oxidation. The chemical segregation in alloys is limited due to the rapid cooling. One usually 

uses five times the amount of water compared to a melt. The particle size distribution and the 

median particle size correlates directly to the water pressure/velocity, angle of the waterjets 

spraying the liquid metal, temperature of the water and the shape of the nozzle. In water 

atomization the operating variables listed above have a major impact on the particle 

characteristics. Velocities up to 230 m/s with a flowrate of 400 kg/min are common [3, 6]. 
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Figure 2: The Water Atomizing Process [7]. 

 

There are probably several other factors that come in to play but these are the most well-

known factors, but the pressure is the most significant of them all. The pressure of the 

waterjet goes hand in hand with the velocity of the jet and as one might assume. An increase 

of the water’s velocity decreases the size of the metal droplets being produced. Higher 

velocity equals higher kinetic energy that can disperse the melt. One thing that is interesting 

is that the density of the metal powders being produced doesn’t seem to be affected by the 

pressure of the waterjets. Pressures as high as 150 MPa are known to be used and can 

create powders that are in the 5 µm size ranges [3, 6]. 

• The melt is poured through the nozzle at the top. 

• The melt falls in a “free fall” in a chamber. 

• The melt is hit by waterjets with an angle α from all sides.  

• The melt breaks up into droplets. 

• The droplet lands in the water in the bottom of the chamber. 

• The droplet solidifies to a powder, see figure 3. 

 

Figure 3: Example of metal powder.  



  

4 
 

3 Fluid mechanics 

3.1 Weber Number 

The Weber number (We) is a dimensionless number that describes if a droplet is stable at a 

certain speed, density, surface tension and size. It is the ratio between the inertial force 

acting on the droplet (Equation 1) and the surface tension of the droplet (Equation 2).  The 

expression for the Weber number is given in Equation 3. When Weber’s number are ~ 10 or 

above the droplet is not stable and will break up to smaller droplets until a stable size is 

reached [8]. 

Surface tension (σ, Equation 2) is the phenomenon created by the cohesive force between 

liquid molecules at the surface of a liquid. The molecules at the surface don’t have any 

molecules to bond to above them so they bond more strongly to the molecules next to them 

beneath the surface. This creates a sort of “skin” that makes it more difficult to move an 

object through it compared to if the object was fully submerged; this also depends on the 

wetting of the specific object [9]. 

 

𝐹𝐴 =
𝐶𝑊𝜋𝐿2𝜌𝑣2

8
 

Equation 1 

𝐹𝐾 = 𝜋𝐿𝜎 

Equation 2 

𝑊𝑒 =
8𝐹𝐴

𝐶𝑊𝐹𝐾
=

𝜌𝑣2𝐿

𝜎
 

Equation 3 

 

3.2 Reynolds Number 

The Reynolds number (Re) gives a qualifying guess if a flow is turbulent or laminar. It 

considers two parameters when calculated, inertial forces and viscous forces. Inertial force is 

from the movement of an object or in this case the movement of a liquid and the viscous 

force is the resistance of movement from something amorphous. Reynolds number is given 

from dividing the inertial force by the viscous force. If the Reynolds number is larger than for 

example 4000 in a jet stream it is regarded as turbulent. [11] 

Dynamic viscosity (µ) is the ratio of the required force per unit area needed to shift one 

surface relative to another parallel surface if the gap between the surfaces is filled with a gas 

or a fluid. The kinematic viscosity (V) indicates how quickly a liquid spread in relation to its 

mass if poured onto a flat surface. The two are related via the density of the fluid and can be 

used to express the Reynolds number, equation 4. [12] 

𝑅𝑒 =
𝜌𝑣𝐿

𝜇
=

𝑣𝐿

𝑉
 

Equation 4 
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3.3 Ohnesorge Number 

The Ohnesorge number (Oh) was defined by Wilhelm von Ohnesorge in 1936. Ohnesorge is 
a dimensionless number that relates the viscous forces to the inertia and surface tension.  
The numbers you get from Equation 6 below can be used to divide the waterjet to different 
regimes. Ohnesorge proposed a classification of three regimes, but a fourth was later added 
by Reitz, see figure 4. These regimes are based on empirical studies and experiments and 
should only be used as reference values when compared. These regimes are dependent of 
both Ohnesorge and the Reynolds number. [13, 14] 

 

 

Figure 4: The four different regimes depending on Ohnesorge and Reynolds number [15]. 

The first breakup regime is called the Rayleigh regime. Here, water droplets break up from 
the waterjet as soon as it exits through the nozzle. In this regime the waterjet starts to 
breakup because of the surface tension of the liquid. It is the velocity of the jet that is the 
main factor of the size of the droplets that are produced. With increasing velocity oscillation 
occurs that will either be amplified or diminished depending on the frequency of the jet and 
the wavelength. What generates the largest amplitude decides the size of the droplets that 
are produced. Rayleigh discovered the correlation between the amplitude and the droplet 
size or droplet diameter (L) that the Equation states. The droplets that are formed are larger 
than the diameter of the nozzle [13, 14]. 

𝐿 = 1.89 ∗ 𝑑𝑒 

Equation 5 

The second and third regimes are called the first and second wind-induced break up 
regimes, respectively. These regimes are reached when Reynolds and Ohnesorge numbers 
are increased. The increase in these numbers means that there is a greater interaction 
between the waterjet and the surrounding atmosphere. It is from here the name wind-
induced derives which is the main factor of the droplet break-off in both regimes. The liquid 
jet still has a solid core and the length of this core before it breaks up is called the break-up 
length, see figure 5. [13, 14] 
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          Nozzle 

 

  Break-up length 

Figure 5: Break up length for a waterjet. 

In the first wind-induced regime, increasing velocity equals increased break-up length, this is 
because of the increased velocity so the droplet can travel further before it breaks up. After a 
certain point the increased velocity shortens this length this is because of the increased 
turbulent and this make the droplet increasingly unstable. This happens in the second wind-
induced regime, the water flow leaving the nozzle becomes increasingly turbulent and the 
stability of the spray decreases due the elevated velocity. As the break-up length reaches 
zero, so does also the spray core. The size the droplets that are being produced are a lot 
smaller than the hole of the nozzle and it is now the forth regime is reached, the Atomization 
regime. This is the most complex regime of them all and the characteristics of atomization 
are the conical spray pattern. [13, 14] 

What makes the Ohnesorge number so useful is that it is independent of external forcing 
dynamics like flowrate and the velocity of the jet. If the nozzle geometry and the properties of 
the fluid are known, this will correspond to a specific Ohnesorge number that will remain 
constant. Weber and Reynolds both vary with dynamical forcing. Because of the ratio 
between them should remain constant for a certain nozzle geometry and fluid, numerical 
simulations can be used to find the transitions between the different regimes. These are 
dependent on the droplet size, when satellite droplets which is the newly created droplet that 
breaks of from the surface of the bigger droplet are created and the drop pinch-off which is 
the moment when the droplets break off from each other. [13, 14] 

 

 

𝑂ℎ =
𝜇

√𝜌𝜎𝐿
=

√𝑊𝑒

𝑅𝑒
~

Viscous forces

√intertia ∗ surface tension
 

Equation 6 

 

3.4 Water Wave 

When observing the waves created of the waterjet, one can see a resemblance to wind 

generated waves on water surfaces, as you can be seen on lakes or on the ocean. By 

looking in to how wind generated waves is created one can get a better understanding how 

the waves of the waterjet are shaped. In physics it doesn’t matter if it is the water passing 

over air or if it is the air moving over water, it is the relative velocity between these two 

elements that matters. The waterjets shape is therefore created the same way as a water 

wave. [16, 17] 

When a wind passes over a water surface small ripples are created on the water surface and 

these ripples will continue to grow until they are fully developed. [16, 17] 

Ripples are generally created by two different factors;  

• The first is the pressure effect. Capillary waves are created when wind passes over a 

fluid surface, in this case water. Minor fluctuations of the wind speed create 

differences in air pressure that give rise to the waves.  Winds that move slower 
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generates higher pressures and faster moving winds generate lower pressures. 

These variations in both the velocity and pressure are best described by Bernoulli’s 

equation. [16, 17] 

𝑝

𝜌 ∗ 𝑔
+

𝑣2

2 ∗ 𝑔
+ 𝑧 = constant 

Equation 7 

• Shear effects. When winds move across a water surface, it stretches the fluids 

surface and causes it to wrinkle do to friction between the two elements. When you 

stretch a piece of Saran wrap and let go, wrinkles are created, it is like what happens 

to the surface of the fluid. The friction between the water and the air develop shear 

forces in the water that pushes the water and creates hills/ waves on the water 

surface. These hills are held down and together by the surface tension and the force 

of gravity. [16] 

Both these effects are illustrated in figure 6. 

 

Figure 6: Waves from Relative Speed between Water and Air [16]. 

𝑓 =
𝑣

𝜆
=  

1

𝑇
 

Equation 8  
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4 Laboratory Work and Analysis 

4.1 Experiments 

The experiments were conducted at KTHs water laboratory. The experiment was conducted 

by using a high-speed camera that was filming the water jet from a high-pressure washer 

that was mounted on a rig, see figure 7. The washer was fitted with two different nozzles 

provided by Höganäs AB to see how they affect the characteristics of the waterjet.  

 

 

Figure 7: An example of how the experiment is setup. 

To get improved focus from the high-speed camera strong lighting was needed. Three 

spotlights were used in the experiments to get the proper lighting needed. 

The waterjets were observed in its first 50 cm from leaving the nozzle. To get a better 

understanding of the waterjets characteristics, the full 50 cm of the waterjets was first filmed 

to get an overview of the jet. To get more details the 50 cm waterjet was divided into three 

parts that were filmed separately. 

4.2 Nozzles 

The nozzles that were used in the experiment had an oval shaped hole. The two different 

nozzles that were used, the smaller had a major diameter, a, 1.6 mm and a minor diameter, 

b diameter of 1 mm and the larger nozzle had the a diameter of 4 mm and the b diameter of 

3.3 mm. The parameter of an oval can be calculated with the help of Equation 9 and the area 

of the hole can be calculated with the help of the Equation 11. The area and the parameter 

can be used to calculat the equivalent diameter with Equation 10, see figure 8. 
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Figure 8: Equivalent Diameter from an Oval. 

𝑃 = 2𝜋 (
1

2
((

𝑎

2
)

2

+ (
𝑏

2
)

2

))

1
2

 

Equation 9 

𝑑𝑒 =
1.55𝐴0.625

𝑃0.25
= √𝑎𝑏 

Equation 10 

𝐴 =
𝑑𝑒

2𝜋

4
=  

𝑎𝑏𝜋

4
 

Equation 11 

To get the water flow (Q) moving through the nozzle, a water measuring cylinder was used. 

With this one could measure how much time it took for the water level to decrease a certain 

amount over a certain period. This shows how many liters per second are pumped thru the 

nozzle.  Several attempts were made to get an average water flow rate. 

𝑄 = 𝑣𝐴 

Equation 12 

The nozzles had an oval shaped hole for the jet that gave the waterjet a different appearance 

dependent on the way the nozzle was orientated, see figure 9 and 10. To account for this, 

videos were made with both the oval in a horizontal and the vertical orientation for the full 50 

cm and zoomed in videos. The focus in this study was the horizontal waterjet. 
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Figure 9: An example of a Horizontal 50 cm waterjet with 15 ºC water. 

 

Figure 10: An example of a Vertical 50 cm waterjet with 15 ºC water. 

 

4.3 High-pressure Washer 

The high-pressure washer model used in the experiments was a Kärcher high-pressure 

cleaner. It had the capacity to operate at 130 bar. The high-pressure cleaner had one setting 

which means that it can only operate at 130 bar. The end of the hose from the washer had 

been adapted so the nozzle that Höganäs had provided could be fitted. Because of the fixed 

setting of 130 bar the size of the nozzle was limited. With bigger nozzle sizes the jet lost 

velocity but could still be used as a reference to the jet with a higher velocity. With smaller 

nozzles the pressure in the Kärcher high-pressure built up which gives an irregular pressure 

of the jet and velocity. This meant that the two smallest nozzles could not be used and only 

two nozzles could be. 

4.4 Spotlights and High-speed Camera  

Two different brands of spotlights had been used. Two Dörr DLP-820 LED spotlights were 

used with 6300 LUX, 1 m with a dimmable function. One Stratus LED 100W Version 2 was 

used with the light of 13000 lumens. 
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The camera used was a Mikrotron MotionBLITZCube together with the software Mikrotron 

MotionBLITZCube version 1.11.28. The settings can be changed from a big size on the video 

with few pictures per second or the size can be decreased, and the rate of pictures can be 

increased, from the biggest picture with 1010 Hz to the smallest with 100000 Hz. The 

problem with the higher frequency is that after around 10000 Hz the size is too small to use 

effectively in this study. 

4.5 ImageJ 

ImageJ is an open source program designed for scientific multidimensional images that can 

be used when processing photos and videos. This tool can subtract the background from a 

video that leaves the focus of the video on a black background that makes it easier to 

analyze the image of interest. It can be used to cut videos and the images. The program has 

an easy measuring tool for length that can be used to calculate distances in the image if 

there is reference for scale. The program can measure time and it can also combine several 

videos in the same file above each other to make it easy to compare differences. The 

program can measure the brightness of pixels that can be used to see the difference of 

density in waterjets. 

To get the better videos a shot was made before each video without the waterjet to remove 

the background. That leaves a black and clear background. A scale picture was taken as well 

before each video for a reference for the jets, see figure 11. This scale picture could be used 

to save how many pixels it was per unit of measurement. That scale was saved until a new 

scale was set. ImageJ could be used to set up a time measurement in the videos to see the 

droplets movement over time. There was also a grayscale tool that could be used to 

measure the concentration of water in different areas. When the different videos were 

prepared they could be inserted above each other so one can compare their movements.  

 

Figure 11: Scale Picture. 
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5 Results 

5.1 Calculated results for Weber, Reynolds and Ohnesorge Number 

The area of the nozzle was calculated with the help of Equation 7. The small nozzle that was 

used in the experiments had the approximated area of 1.3 mm2 and a de diameter of 1.7 mm. 

The larger nozzle had an approximated area of 10.4 mm2 and a de diameter of 3.7 mm. This 

can be used to calculate the speed, Weber, Reynolds and Ohnesorge number. 

The five results from the water flow tests gave the following results. An average was 

calculated from the test both the time and the flowrate. These results can be used in several 

calculations. 

Table 1: Tests for flowrate and an approximated average at 15 °C with nozzle de 1.7 mm. 

 

 

 

 

 

 

 

 

The exit velocity from the nozzle can be calculated with the help of Equation 8 with the help 

of the area from the main nozzle and the average flow rate. This gives an average exit 

velocity of 96 m/s or 345.6 km/h. 

The Weber number was calculated with the help Equation 3, Reynolds with Equation 4, 

Ohnesorge number from Equation 5 and with values from table 2. 

Table 2: The Values for Weber, Reynolds and Ohnesorge Numbers with nozzle de 1.7 mm. 

Temperature [ºC] 6 15 48 

Density (ρ) [kg m-3] 999.88 999.10 988.91 

Surface Tension (σ) [10-2 N m-1] 7.48 7.35 6.73 

Dynamic Viscosity (μ) [10-3 N s m-2] 1.597 1.154 0.568 

Weber Number (We) [-] 208197 211714 228861 

Reynolds Number (Re) [-] 101578 140463 282466 

Ohnesorge Number (Oh) [-] 0.00449 0.00328 0.00169 

These numbers were calculated at the exit of the nozzle which gives some extreme 

numbers. The result shown in table 2 gives at 15 ºC a Weber number of 140463 that means 

the waterjet will not hold together as a cohesive jet but break apart into droplets. Reynolds 

number of 140463 and this means that the flow is extremely turbulent with no laminar parts. 

With the help Ohnesorge number one can see that the water jet will atomize when exiting the 

nozzle. If the result at the temperature 15 ºC is compared with the results at 6 ºC and 48 ºC, 

one can see that that Weber and Reynolds number increase with the temperature which 

Test Time [s] Volume [ml] Flow rate [10-6 m3 s-1]  

1 1.51 200 132.45 

2 1.54 200 130.19 

3 1.45 200 137.93 

4 1.67 200 119.76 

5 1.72 200 116.27 

Average 1.65 200 127 



  

13 
 

means that the atomization of the waterjet become more rapid. But the Ohnesorge number 

decrease with higher temperature. 

With the nozzle that had the de 3.7 mm, Weber, Reynolds and Ohnesorge number was 

calculated with Equations 4, 5, 6 and 12 and the results are given in table 3.  

Table 3: Weber, Reynolds and Ohnesorge number with the de 3.7 mm nozzle. 

de [mm] 3.7 
Temperature [ºC] 15 
Velocity [m s-1] 12.2 
Weber Number 7382.656 
Reynolds Number 38457.5 
Ohnesorge number 0.002234 

With the help of ImageJ, the velocity could be measured from the videos and it gave a 

velocity after 25 cm from the nozzle 11.7 m/s.  

 

Figure 12: A waterjet with the de 3.7 mm nozzle with 15 ºC water. 

5.2 Droplet Size 

To get the expected stable droplet size when the waterjet leaves the nozzle, the Weber 

number was used. If Weber number is below 10 the droplet is stable and with equation 3, this 

could be calculated with the help of values from table 2. The size of the droplet decreases 

with an increased temperature as seen in table 6. After exiting the nozzle, the velocity 

decreases due to air resistance so the stable droplet size increase.  

Table 4: Characteristic length depending on Temperature with the nozzle de 1.7 mm. 

Temperature [ºC] 6 15 48 
Velocity [m s-1] 96 96 96 
Characteristic length [10-8 m] 8.12 7.98 7.38 

 

To calculate the expected droplet size in different parts of the waterjet, the velocity in three 

different regions 5-10 cm, 20-30 cm and 48-51 cm from the nozzle was measured from the 

videos with the high-speed camera. This gave an approximated velocity of 81 m/s, 53 m/s 

and 38 m/s. This gave the result seen in table 5. 
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Table 5: The Velocity measured at three different points of the Waterjets with the nozzle de 1.7 mm and the 

temperature of 15 °C. 

Test 5-10 cm 20-30 cm 48-51 cm 
1 [m s-1] 86.4 59.8 42.4 
2 [m s-1] 79.5 46.6 39.7 
3 [m s-1] 79.9 54.7 37.1 
4 [m s-1] 78.9 49.2 32.5 
5 [m s-1] 82.3 54.2 36.2 
Average [m s-1] 81 53 38 
Characteristic length [10-7 m] 1.11 2.63 5.20 

5.3 The Waves  

The length between the waves was measured with the help of the program ImageJ at the 

middle of the 50 cm waterjet at after 25 cm from the nozzle see table 6 and figure 13. The 

measured velocity in the middle was the same with all the temperatures and could be used in 

the calculation of the frequency. With the length between the waves the frequency could be 

calculated with the help of Equation 8. The result can be seen in the table 7. 

Table 6: Length between waves in the middle of horizontal waterjet at different temperatures with the nozzle de 

1.7 mm. 

Test Length at 6 ºC [mm] Length at 15 ºC [mm] Length at 48 ºC [mm] 
1 51 57 50 
2 70 63 57 
3 64 53 65 
4 54 51 54 
5 75 53 67 
Average 63 55 59 

Table 7: Frequency calculated depending on wavelengths and velocity with nozzle de 1.7 mm. 

 At 6 ºC At 15 ºC At 48 ºC 

Wave length [mm] 63 55 59 
Velocity [m s-1] 53 53 53 
Frequency [Hz] 841 955 903 
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Figure 13: Example on how the distance between waves was measured. 

The length from the nozzle to the first observable wave that starts to break of from the core 

was measured and can be seen in table 8. This means that the waterjet is cohesive before it 

starts to break up to droplets approximately after 132 mm. The jet still has a solid core but 

after 132 the core starts to break up and waves starts to form. 

Table 8: Length from the nozzle to the first observable wave with nozzle de 1.7 mm. 

Test Length [mm] 

1 127 

2 142 

3 148 

4 121 

5 142 

6 125 

7 123 

8 129 

9 124 

10 138 

Average 132 

5.4 Concentration of water 

The concentration of the water can be seen in the videos and it can be measured with the 

help of the grey scale. The line was drawn both horizontal and vertically through the jets and 

the average, minimum and maximum light on the line was given. This shows that the higher 

the temperature is the darker and less concentrated the jet becomes. 

The mean value is the sum of the gray values of all the pixels that the line crosses divided by 

the number of pixels, the pixel on the line that display the highest gray value is the max value 
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and the pixel on the line that displays the lowest grey value is the min value, all this is seen in 

table 9. This shows that the light decreases with approximately 17 % over the 42 ºC when 

the mean from line 1 and 2 are compared, 14 % between 3 and 5 and 17 % between 4 and 

6. If line 3 and 4 are compared from figure 12 the mean value of the light decreases with 31 

% and line 5 and 6 the mean decrease with 27%, see figure 14. 

Table 9: The minimum, maximum and mean light on six different lines with two different temperatures with nozzle 

de 1.7 mm. 

 Min Max Mean 
1 75.889 255.000 169.509 
2 68.000 203.000 140.872 
3 59.026 119.615 90.623 
4 67.333 232.000 130.652 
5 52.300 99.819 78.447 
6 61.000 175.471 107.988 

 

 

Figure 14: Shows how the grayscale was measured with the nozzle de 1.7 mm. 
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6 Discussion 

6.1 Weber, Reynolds and Ohnesorge Number 

The resulted Weber number when the water exits the nozzle with the de 1.7 mm was 

calculated. The number was very extreme which means that the waterjet is very unstable 

and will dissolve from a cohesive jet to small droplets very fast. The large Weber number 

was expected after reviewing the different videos because the jet breaks up soon after 

leaving the nozzle.  

The Reynolds number was calculated at the point of the jet leaving the nozzle. Reynolds 

number was also extremely high which indicates that the flow was very turbulent, this is a big 

reason to the fast break up of the cohesive jet as also seen from the Weber number. 

The Ohnesorge number was small. With Ohnesorge and Reynolds numbers known, the 

regime in figure 1 can be seen. The waterjet falls in to the atomization regime at the point of 

exiting the nozzle. This means that the waterjet will break up to droplets smaller than the 

nozzle after exiting. The jet falls in to the atomization regime which also can be seen in the 

videos by the characteristic conical spray pattern, see figure 15. [12, 13]  

 

 

Figure 15: Example of Cone shape. 

For the nozzle with the de 3.7 mm, the velocity, Weber, Reynolds and Ohnesorge number 

decreased and that was expected. A bigger area gives a more stable waterjet and a flow that 

is not as cone shaped as the smaller area gives. This results in bigger droplets and a more 

concentrated jet. The water jet was still very unstable; this can be seen as droplets were 

created almost directly after the water leaves the nozzle. 
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In figure 16 the almost linear correlation between the temperature and Weber number is 

shown. With increased temperature the waterjet becomes more unstable which is shown with 

the increasing weber number. Water with higher temperature has more kinetic energy and so 

increased temperature equals more thermal motion of the particles which creates a more 

unstable jet. The graph above illustrates the weber number specific for water at different 

temperatures. Weber number is dependent on the surface tension and density that changes 

with changing temperature.  The numbers used are taken from table 2 and show the 

correlation between temperature and weber specifically for water. 

 

 

 

Figure 16: Temperature Vs Weber. How the Weber number change according to temperature with nozzle de 1.7 
mm. 

6.2 Droplet Size 

With an increased weber number due to the increase of temperature, the average 

characteristic length will decrease as seen in figure 17. More unstable jets create smaller 

droplets, and this correlates as well to the kinetic energy. A greater kinetic energy makes it 

easier for the atoms to break their bonds and there by generate more and smaller droplets. 

This shows that when the temperature drops with 10 ºC the characteristic length increase 

with 2 %. 

The “characteristic length” is defined in many ways in the literature. Some say it is the 

diameter divided by four [18] and some as the size of the nozzle that will equal the size of the 

droplet [14] but most do not even mention what the characteristic length even is [10]. The 

specific size of the characteristic length is not as important as what it signifies.  A droplet that 

has a size smaller than 100 nm is absurd and would not be able to be seen without a 
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microscope. The very small number tells us that the droplet is unstable and will continue to 

break up until a stable size is reached. What effects the stable size is the velocity of the 

droplet and one can see that as the velocity of the droplets decreases the characteristic 

length of the droplet increases. This gives us a correlation between the two parameters. 

 

 

Figure 17: Temperature Vs Characteristic length. How the expected doplet size change according to temperature. 

The droplet size could not be measured only calculated when using the nozzle with the de 1.7 

mm. With the help of Weber number, the stable characteristic length could be estimated, and 

this gave a characteristic length that went from 7.98 * 10-8 m to 5.20 * 10-7 m at 15 ºC see 

figure 18. These are the expected characteristic length when exiting the nozzle to the end of 

the jet, but it is plausible that some larger droplets will be left that had not had time to break 

up to smaller droplets. 
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Figure 18: Velocity Vs Characteristic length. How the expected doplet size change according to Velocity at 15 ºC. 

6.3 Waves 

The length between the waves was measured and the frequency was calculated. These 

results were inconsistent, and no conclusions can be drawn between the frequencies at 

different temperatures. This can be because of that there is no difference in the frequency or 

it can be because the measuring data was flawed which gave inconclusive results. The 

problem with measuring the length between waves was that it was hard to decide exactly 

where the wave starts and end, partly because of change in shape. This means that the 

measurements in distance between them are not exact and an error of about 2 mm should 

be taken in consideration when observing the measurement of the waves in the waterjet. 

6.4 Concentration of Water  

The concentration of water shows that the waterjet breaks up more with higher temperature, 

this correlates with the smaller droplets which have been calculated. With lower temperature 

there is a more solid core of the jet but with higher temperatures the waterjet is more 

fractured with smaller droplets and a bigger spread. 

The result from figure 13 shows that the approximated 17 % light decrease over the 42 ºC 

means that the waterjet cores concentration has decreased. When comparing line 3 and 5 

the difference of concentration in the end of the waterjet decrease with 14 % which means 

that the waterjet has broken up more with the higher temperature. The difference in mean 

value between line 3 and 4 is 30 % and the same is for line 5 and 6. This means that 

between these lines the cohesiveness of the waterjet has decreased, and the water has 

broken up to more and smaller droplets. 
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6.5 Dividing Regimes 

The waterjet can be divided into three regimes; the first is when the first observable wave 

that breaks off from the core starts at approximately 132 mm from the nozzle where the jet is 

mostly a solid jet. After 132 mm the water jet starts to break up into waves and droplets. After 

460 mm the waves start to break up to droplets and the waves can no longer be 

distinguished from each other. This can be seen in the figure 19. 

 

 

Figure 19: The three different regimes according to this report. 

The water jet was also divided in three regions according to the conditions given by 

Höganäs. The first two is in the first region before 132 mm where the transparent jet is the 

first 10 mm of the waterjet when the wave motion starts to be observable, see figure 20. The 

milky jet starts with the observable wave and stops when the wave starts to break off from 

the core and form droplets. The three regimes from both figure 19 and 20 was for the 

settings of 130 bar pressure, nozzle de of 1.7 mm and the three regimes was constant over 

the temperature span from 6 ºC to 48 ºC. 
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Figure 20: Three regimes according to Höganäs divided with the results from this study 

6.6 Environment and Social Effects 

The studies of the water characteristics for a waterjet that is used in the water atomization 

process can have positive effects on the environment. With better understanding of how the 

waterjet behaves depending on its temperature and nozzle, an optimization of the water 

usage can be reached. There is a shortage of water in many places around the world, so it 

should be used responsibly and not wasted.  It also helps us save energy. When using less 

water, less water must be cleaned in the water processing plant which reduces energy 

usage. [19] 

These studies will also help getting a better understanding how to optimize the metal 

powders being produced. Metal powders that have better geometry and properties for the 

specific product can be obtained and produced more cost effectively and more 

environmentally friendly. By producing a more optimized metal powder a product with fewer 

flaws can be achieved. This correlates to a stronger finished product and less material spill. 

[20]    

6.7 Sources of Error 

The high-pressure washer did not have a consistent flow. This was because the hose was 

not connected to a faucet but stuck down in a measuring vessel that could not give a 

sufficient water flow to the washer. This relates to the calculated velocity from the measured 

mass flow rate. 

The videos were not detailed enough to follow a single droplet, so instead a bigger flow like a 

wave had to be observed at two different frames in the videos. This made the velocity and 

wavelength hard to measure.  

The high-pressure washer had problems with the smaller sized nozzles and it is possible that 

the main nozzle used during the experiments affected the washer and gave an inconstant 

flow. The nozzle was provided from Höganäs and not from Kärcher that made the washer. 
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7 Conclusion and Further Research 

7.1 Conclusion 

• This report has found a correlation between temperature, droplet size and 

distribution, but a definitive equation has not been made.  

• This study gives an understanding of how altering the temperature affects the size of 

the droplets, their distribution and the concentration of the waterjets core the first 50 

cm from exiting the nozzle.  

• The result from the experiments and the calculations shows that with a lower 

temperature the expected droplet size increase approximately with 2 % for every 10 

ºC.  

• No correlation was found between the temperature and the wavelength and the 

waves seem to act the same way, if the same nozzle and pressure is used.  

• The concentration decreases with increased temperature and the reflection of light 

decreased with approximately 17 % when the temperature increased with 42 ºC.  

• Each waterjet breaks up with about 30 %, between 25 and 50 cm from exiting the 

nozzle.  

7.2 Further Research 

To continue the study more experiments should be conducted. First thing that should be 

done is to try with different nozzles and find a high-pressure water machine that can handle 

the smaller sized nozzles. Secondly, try using higher temperatures of the water above 50 ºC 

and see how that affects the waterjet. Thirdly try different angles of the waterjet because in a 

water atomization process the waterjet is positioned in a 35-45-degree angle. Finally, the 

results should be compared with computational fluid dynamics, which can be used to 

simulate waterjets.   
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