
 
 

Liquid Jet Interaction with a Moving Surface 

 

by 

 

PURUSHOTAM KUMAR 

B.Tech Indian Institute of Technology Guwahati, INDIA, 2009 

 

 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF 

MASTER OF APPLIED SCIENCE 

in 

THE FACULTY OF GRADUATE STUDIES 

(Mechanical Engineering) 

 

 

THE UNIVERSITY OF BRITISH COLUMBIA 

(Vancouver) 

August, 2011 

 

 

© Purushotam Kumar, 2011



ii 
 

Abstract 
An experimental study was conducted to study the splash-deposition characteristics of a liquid 

jet impinging on a moving surface. The main focus of this study was to determine the effects of 

fluid, flow and surface properties on the outcome of the jet impingement. Several parameters 

such fluid viscosity, elasticity and surface tension, jet and surface velocity, jet diameter surface 

wettability and surface roughness were changed and their effects on splash-deposition 

characteristics were analyzed during this research work.  

For non-Newtonian fluids increase in the yield stress and consistency constant of the fluids 

helps in inhibition of the splash. At high Weber number the effects of surface tension and jet 

impingement angle were negligible compared to effects of Reynolds and Oldroyd numbers. But 

at smaller Weber number effects of surface tension were comparable to that of Reynolds 

number. It was also observed that the both normal (jet velocity) and tangential (surface speed) 

speeds play roles in splash-deposition dynamics.  

Newtonian liquid jet with smaller diameter illustrated that effect of surface tension becomes 

prominent only for liquids with low viscosities and for these liquids and 200 micron nozzle jets 

deposit up to 40 m/s. For high viscosity liquid same trend of deposition was observed and jets 

deposit up to 35 m/s. It was also observed that the jets of smaller viscosities spread on the 

surface very easily, making few micron sized lamella. Although higher viscosities liquid jets still 

spread very easily on the surface, the lamella thickness was much larger than that of low 

viscosity liquids. It was also found that mid-range viscosities jet started to splash at much lower 

velocities (13 m/s). This behavior is related to balancing of inertia forces by both the surface 

tension and viscous forces. 
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Glossary 
Splash Threshold – This is defined as the maximum resultant velocity at which deposition is 

possible on a target surface. This includes both jet and surface velocity. 

Critical Reynolds Number – This is defined as minimum Reynolds number which no 

deposition is possible. This Reynolds is calculated based on liquid jet relative velocity and jet 

diameter.  

Lamella Thickness - This is thickness of liquid spreading on the surface. This thickness is very 

small closer to impingement point and it increases with increase in the distance from 

impingement point. For this lamella thickness is taken as average thickness from impingement 

point to radius at which liquid comes to stop. 

Jet Diameter - This is defined as diameter of the liquid jet very close to the target surface. The 

value of jet diameter varies with liquid velocity and viscosity. It is not same as nozzle diameter 

because of contraction of expansion of the liquid jets. 
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Chapter 1 - Introduction 
 

1.1 Introduction to friction control in rail road industry 
The Canadian railway network, comprised of more than 72,000 kilometers of track through five time 

zones [1], annually transports more than 270 million tons of freight. Rail transport is one of the most 

efficient and cost-effective forms of freight transportation in North America. With rising fuel costs making 

truck and air transport less efficient and with a continuing increase in population, railways will continue to 

increase their influence. 

Due to this continuing economic influence, ongoing research is being followed by the industry 

into further improving the efficiency of rail transport. Railroads have recognized that by using an 

integrated approach to effectively managing the wheel-rail interface, significant benefits such as 

controlling wheel and rail wear and reducing fuel costs, can be obtained [33]. Recently, 

researchers have begun to focus their efforts on top of rail (TOR) friction control. 

Although it was discovered that TOR friction control significantly reduced fuel consumption [34], 

this is still a relatively new field as most of the world’s railway industries still operate today 

without TOR friction management.  

1.2 Friction modifiers and modes of applications 
Friction modifiers exist either as solid sticks or as water-based solutions, with the latter denoted 

as liquid friction modifiers (LFM’s), which contain suspended polymeric and solid composites 

[34]. By introducing these suspended solids with engineered frictional properties in appropriate 

quantities into the wheel/rail interface, the frictional characteristics of the layer between the 

wheel/rail interface, containing wear debris and contaminants, can be modified accordingly [35]. 

FM’s are able to reduce, control, and maintain frictional levels at a specified optimal level over a 

given number of wheel/train passes, a significant advantage over hydrocarbon based lubricants 

[34]. 

Kelsan Technologies Corporation, located in North Vancouver, BC, is a leader in developing 

friction modifiers for the railway industry. They have developed a number of FM’s for use in 

various applications where differing friction characteristics are required. Of particular interest, is 

a high positive friction LFM known as KELTRACK HI-RAIL. Due to the compositional nature of 

this friction modifier, it inherently exhibits non- Newtonian behavior. KELTRACK HI-RAIL will be 
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discussed further in Chapter 4. The LFM that has been studied by the authors is a water-based 

suspension of polymers and inorganic solids with non-Newtonian characteristics [1,2].  

Currently, air-blast atomizers are used to transfer FM liquids (in the form of ligaments and 

droplets) to rail surfaces. The associated transfer efficiency is poor, however, due to 

irregularities in droplet shape and size [3]. As well, when in the presence of a cross wind, LFM 

droplets can splash or miss the track entirely [3].  For effective deposition on a rail, the 

droplets/ligaments must move at a velocity high enough to avoid excessive deflection in a 

crosswind, but low enough to avoid splash or rebound following impaction. Excessive deflection 

and splash significantly reduces transfer efficiency [4,5]. 

1.3 Newtonian droplet impact on a stationary and moving surface 
Droplet impact and spreading has received attention for a variety of technical applications such 

as thin film coating, pesticide application, spray painting, spray combustion, spray cooling of hot 

surfaces, deposition of solder bumps on printed circuit boards and inkjet printing. The 

phenomenon is also relevant to the coating quality and process performance for air-suspension 

coating of food powders, although no direct study has been related. Studies carried out by 

several authors [6-8] reveal that the splash or deposition of a droplet upon impingement 

depends on several parameters including viscosity, density and surface tension. Other authors 

have studied the impact of Newtonian droplets on a moving surface, and conclude that both the 

normal and tangential speed of the drop (in the reference frame of the surface) affect splash. 

For a droplet impacting on a moving surface Bird et al. [9] reported that based on the magnitude 

of the tangential velocity, there are three behaviors: the lamella will spread in all directions, 

splash in all directions, or splash asymmetrically. They further concluded that when there is no 

tangential velocity, the drops either spread or splash in all directions. When the symmetry is 

broken through the tangential velocity however, the transition bifurcates and causes a new 

behavior: asymmetric splashing. 
  

1.4 Yield stress and shear thinning droplet impact 
Studying the yield stress liquid droplets, Nigen [10] reported that when projected at low-impact velocities, 

droplets first behave like deformable solids. A long time scale creeping flow then follows. When projected 

at high-impact velocities, the droplet velocity and stress decreases as the droplet spreads, eventually 

falling below the yield value. When the limit is reached, the spreading of droplet stops immediately. The 

impact morphology of drops comprised of shear-thinning fluids [11] was qualitatively similar to that of 

Newtonian fluids, but viscoplastic drops showed central drop peaks at the end of inertial spreading. 
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German and Bertola [11] further reported that both the yield stress and viscosity of the viscoplastic fluids 

inhibit the spreading of the lamella on the surface. In cases of capillary-driven spreading of yield stress 

drops [12], the spreading rate is affected both by the degree of fluid shear thinning and the yield stress 

magnitude. The Bingham-Capillary number is a dominant parameter for viscoplastic liquids. For fluids with 

a Bingham–Capillary number below unity (which includes shear thinning, Newtonian and low yield-stress 

magnitude fluids), the static contact angle remains constant, irrespective of the yield-stress magnitude or 

impact conditions. For fluids with a Bingham–Capillary number greater than unity however, the static 

contact angle varies depending on both the yield-stress magnitude and the impact conditions. In an 

experimental study conducted by Saidi et al. [13], it was shown that increasing the yield stress dictates 

the drop formation, while also inhibiting spreading and weakening retraction in the case of high inertial 

impacts. 

1.5 A Liquid jet impingement on stationary and moving surfaces 
Though experimental, analytical and numerical studies have provided numerous data on free impinging 

jets, submerged jets and confined jets, data are most often only concerned with the heat transfer 

capabilities of free or submerged impinging jets. In the presence of a moving plate surface, jet 

impingement involves a much more complicated flow structure. Since the amount of liquid adhering to the 

moving surface depends on the nature of the flow field, a full understanding of the flow structure is 

necessary to understand the stability of the liquid sheet on the surface.  

Previous studies provide valuable results on free surface impinging jet behavior. The theory of film flows 

is thoroughly described in the precursor works of Watson [14]. Using boundary layer theory, Watson 

analytically measures the expression of velocity fields for the four flow regions [14]. Watson divides the 

flow radially into a stagnation region, a boundary layer region with a surface velocity equal to the jet 

velocity, a region of decreasing free surface velocity, and, finally, a hydraulic jump, and expresses the 

solution in a self-similar manner. In the experiments conducted by Nakoryakov et al. [15], Watson’s 

analytical results were discussed further. Using laser-Doppler measurements, Azuma and Hoshino [16] 

experimentally verified Watson’s expressions for the laminar boundary layer, similarity region and film 

thickness. Stevens and Webb’s [17] analytical predictions compare velocity profile (LDV), layer depth and 

free surface velocity measurements. They show that the maximum velocity of the layer is not at the free 

surface for r/d < 2.5, in effect invalidating assumptions held by many analytical models focusing on this 

flow region. Over the last three to four decades film flows have thus been studied widely, velocity fields of 

each region have been determined, and these results can be applied to further studies on convective heat 

transfer problems [17-19]. Bohr et al. [20] show that the radius of the jump depends on the volume flow 

rate and kinematic viscosity, with g as the gravitational acceleration. 

Despite the significant practical importance and ample existing research on rolled metal cooling, jet 

impingement on moving surfaces has received far less attention.  Zumbrunnen et al. [21,22] reveal that 
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the presence of a moving surface strongly influences both the flow field and the heat transfer efficiency 

for plane jet impingement. Their results show that water dispensed from the nozzle divides upon 

impaction with a plate (moving or not); the flow direction can run either with or opposite to the direction of 

plate motion. The moving plate can facilitate the transport of fluid away from the stagnation line. However, 

on the other side of the stagnation line, the fluid becomes entrained and is at risk of penetrating the 

impingement region beneath the jet again. Although the flow structure of an axisymmetric water jet 

impinging a moving plate is much more complicated because the jet divides in all directions, the same 

phenomena of fluid re-entrainment occurs. Zumbrunnen [21] solved the Navier–Stokes equations through 

similarity analysis; the heat and mass transfer distributions were determined by numerically solving the 

conservation equations for energy and species. He concluded that the effect of the surface motion on 

fluid flow is confined to a thin region, which can be represented by the velocity boundary layer thickness 

for a plane jet impinging on a stationary surface. Convective heat transfer remains unaffected by the 

surface motion when the surface temperature is constant along the impingement surface. However, in the 

case of a spatially dependent temperature, convective heat transfer is dependent on the dimensionless 

surface velocity VS. In most applications using impinging jets, surface temperature decreases in the 

direction of surface motion. Using a large eddy simulation technique, Chattopadhyay and Saha [23] 

numerically study the flow field for rectangular, submerged jet impingement on a moving surface for a 

moderately high Reynolds number (Re = 5800). They provide a large database of turbulent quantities for 

such a configuration. 

Although Hydraulic jumps are different phenomena from jet impingement on a moving surface, the fluid 

pattern near the impingement point will still be useful for this study. The fluid viscosity acts to hasten the 

diffusion of vorticity across the fluid layer, decelerating the flow [24]. This decreases the jump radius and 

increases the height of the jump. Gradeck et al. [25] reported that for hydraulic jump on a moving surface, 

the jump radius and jump height depend on the volume flow rate, kinematic viscosity and gravitational 

acceleration. They [25] also derived a power relation for calculating the radius of the jump, in which the 

Reynolds and Weber number emerged as main variables. Roisman et al. [26] have shown that the 

mechanism of splash is related to the bending instability of a rim bounding on a free liquid sheet. The rim 

instability is caused by the moment of force associated with the inertia of the liquid entering the rim. This 

type of instability leads to the complete breakup of the crown, and the formation of several finger-like jets 

based at the wall film. Li et al. [27] categorized sheet breakup regimes as Capillary instability and Kelvin-

Helmholtz instability regimes. They have shown that a liquid sheet starts to breakup due to the sheet’s 

superposition with aerodynamic waves. The hydrodynamic wave, generated at the point of impingement, 

also causes sheet instabilities.  

In a recent work, Keshavarz [28] reported on the impingement of a Newtonian jet on a moving surface. 

They concluded that viscous effects are more important than surface tension in determining splash. They 
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also showed that the Reynolds number and surface roughness are more important parameters than the 

Weber number and impaction angle in determining jet impingement results. 

1.6 Research objectives 
The Liquid Friction Modifiers are very effective product in reduction of friction between rail track and the 

wheel but current application or delivery method is not very effective. The effectiveness of the product 

method is defined as the percentage of the sprayed product that adheres to the rail surface. This value is 

called the transfer efficiency. The primary objective of this research work is to achieve best possible 

transfer efficiency while providing a uniform deposition on the target surface. Thus it is necessary to 

understand the liquid jet interaction with the moving surface. The Liquid friction modifiers are non-

Newtonian liquids with small yield stress, strong shear thinning, reasonable elasticity. Therefore analyzing 

each component of this product is also important. 

The first objective of this research work was to determine the effects that liquid jet and projectile speed 

have on the outcome of the jet impingement on a moving surface. The second objective was to analyze 

the roles of individual fluid properties such as surface tension, shear viscosity and elasticity on the jet 

impingement. The combined effects of both shear thinning and elasticity or yield stress were also a major 

concern during this study. Another objective of this research work was to understand the effects of the jet 

diameter and height between nozzle and the target surface. 

These research objectives were achieved by studying the interaction of a Newtonian and non-Newtonian 

liquid jet with a moving surface. Several Newtonian liquids such as water-glycerin and water-propylene 

glycol solutions and non-Newtonian liquids such as water-Carbopol and water-xanthan gum solution were 

prepared. 

In Chapter 2 the effects of the yield stress, shear thinning and power-law index on behavior of jet 

impingement and splash dynamics are investigated. Preparation of yield stress fluids along with 

calculation of yield stress of Hurchel-bulkley type fluids are also discussed in this chapter. Finally effects 

of dimensionless numbers such as Reynolds, Weber and Oldroyd numbers are investigated. 

In Chapter 3 the effects of nozzle diameter, jet and surface speed, surface tension and viscosity are 

investigated. It also discusses the lamella thickness and spread width of the liquids on the surface. The 

dominance of the surface tension forces over the viscous forces is also investigated in this chapter. 

Finally a qualitative mathematical explanation has been provided for the experimental results obtained. 

Chapter 4 has been devoted to results obtained from actual liquid friction modifiers experimentations. 

This chapter gives detailed results about the rheometry, mass flow rate and splash-deposition 

experiments with three Keltrack solutions received from Kelsan Technologies Corporation. It also 

investigates the combined effects of strong shear thinning and reasonable elasticity on jet impingement. 
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 Chapter 5 provides conclusions that can be drawn from the above mentioned experimental studies and 

describes the contributions to knowledge of this work. The chapter closes with recommendations for 

future work that can be performed using the experimental apparatus used for these investigations.  
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Chapter 2 - Non-Newtonian Liquid Jet Interaction with a Moving 
Surface 

2.1 Introduction 
The behavior of a non-Newtonian liquid jet impinging on a moving surface has been studied 

experimentally by means of high-speed imaging. In this chapter, we focus on the role of the 

yields stress and shear thinning properties of liquids, the resultant velocity of the jet and surface, 

and jet impingement angle, on the splash characteristics of a liquid jet impingement. Seven 

different non-Newtonian solutions (Carbopol and water solutions) with wide range of yield stress 

and consistency constant were used to understand the effects of underlying parameters. The jet 

and surface speed of this experimental study ranges from 5 – 40 and 5 -15 m/s respectively. 

With these experimental settings we were able to analyze effects of several dimensionless 

parameters (Reynolds number, Weber number, Oldroyd number and Jet impingement angle). 

The experimental results show both jet and surface speeds play roles in splash-deposition 

behavior of jet impingement. The role of both Reynolds and Oldroyd number were dominant but 

Weber number was only dominant at low Weber number values. Finally we also observed that 

the ratio of the jet velocity to surface velocity (Jet impingement angle) was not an important 

variable compared to resultant jet velocity. With this research work we are to show that the 

increase in the yield stress and consistency constant of liquids reduce the chances of inhibition. 

2.2 Sample preparations 
Carbopol® 940 was used to study the effects of yield stress and the consistency constant of a 

non-Newtonian liquid. Carbopol® 940 is a white, powder-like chemical. When mixed with water 

it shows a week, acidic behavior with a pH values in range of 3.0 to 4.5 (depending on the 

concentration of Carbopol in the water). To get a proper gel-like solution of Carbopol, the 

mixture’s pH has to be brought up to levels from 5.5 – 6.0. In this range, the liquid shows both 

yield stress and shear thinning. The gel-like solution is very stable and does not degrade over a 

few weeks.  
 

To prepare this solution, we mixed the required amount of Carbopol into distilled water to obtain 

the desired percentage of Carbopol. The mixture of powdered Carbopol and water was stirred 

for at least 24 hours using a double impeller stirrer. After several hours of stirring, small bubbles 

become entrapped in the mixture, which are difficult to remove once the gel has formed. 
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Therefore, we let the solution rest for 1 – 2 hours, allowing the small bubble to disappear. Later 

on, several drops of the 30% NaOH solution were added to the Carbopol and water mixture to 

bring the pH value up to the 5.5 – 6.0 range. The Carbopol-water mixture was stirred 

continuously while adding the NaOH. To avoid over-addition of NaOH, we simultaneously 

monitored the pH value while mixing the solution. Once a reasonable gel-like Carbopol solution 

was obtained, another 24 hours of stirring was done before beginning the rheometry, flow rate 

and splash-deposition experiments. 

2.3 Rheological properties of the carbopol solution 
The Carbopol solution shows both yield stress and shear thinning behavior. In other words, at 

low shear rates it behaves like a solid, but at high shear rates it flows like any other fluids. 

Carbopol is a long chain polymer and due to its entanglement the chain does not break at lower 

shear rates therefore the solution shows yield stress but as the shear rate is increased the 

polymer chains start to align in the direction of flow, and hence it shows shear thinning behavior.  
 

The Carbopol solution is a Hurchel-Bulkley type fluid and its rheological properties were 

measured using Bohlin CS 10 rheometer. This rheometer allows us to experiment with several 

methods of measurement assembly such as cones and plates, parallel plates, concentric 

cylinders and parallel plates with serrated surfaces. Though all of these configurations were 

used to check the rheometry and results, serrated parallel plates were the most effective. Thus, 

henceforth we continued to use the serrated parallel plate configuration. We also followed the 

methods explained by Nguyen and Boger [32] for measuring the rheological properties of the 

yields stress fluids.   
 

This rheometer uses a built-in computer program that allows users to control the shear rate 

applied to the sample. The rheometer can apply ramped, linear increasing, linear decreasing 

and increasing-decreasing shear rates. The increasing-decreasing shear rate is particularly 

useful in quantifying the memory effect of Carbopol samples.  
 

 
Where , , ,  and  represents shear stress, yield stress, consistency constant, shear rate 

and power law index respectively. 
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2.3.1 Calculation of yield stress 
 

 
Figure 1 Prediction of the yield stress of the Carbopol solutions using a shear viscosity versus shear rate 
curve 

Bohlin CS 30 rheometry software provides the shear stress and instantaneous viscosity values 

for every shear rate in the range. Because the literature shows that Carbopol gels follow the 

Hurschel – Bulkley viscosity model, we use the MATLAB® curve fitting toolbox to fit the 

obtained data into a Hurschel – Bulkley equation, thereby calculating the yield stress, 

consistency constant and power law index. The yield stress can also be calculated by plotting 

the shear viscosity versus shear stress curve on a log scale. At yield stress the viscosity will be 

at a maximum, after which the curve will show shear thinning behavior. The yield stress value 

and shear viscosity vs shear rate level are very close in value. Here we report values derived 

from our plots.  
 

Seven Carbopol – water solution samples were prepared to achieve different yield stress, 

consistency constant and power-law index levels, and to study the effects of these variables on 

jet impingement on a moving surface. All of the liquids and their properties are listed in Table 1. 
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Table 1 Rheological properties of Carbopol solutions 

Name 
Percentage of 

Carbopol 

pH of 

solution 

Yield stress  

(Pa) 

Consistency 

constant (k) 

Power law index 

(n) 

C-0.1 0.1 5.30 10.44 6.178 0.285 

C-0.2 0.2 5.70 45.14 33.08 0.29 

C-0.3 0.3 5.70 55.32 51.47 0.31 

C-0.4 0.4 5.30 61.47 58.03 0.32 

C-0.5 0.5 5.20 70.78 67.69 0.33 

C-0.6 0.6 5.30 76.47 69.36 0.35 

C-0.7 0.7 5.20 91.76 83.24 0.36 

 

Table 1 shows that as the percentage of Carbopol in the solution increases the yield stress, 

consistency constant increase and power-law index increase. The rheological properties of the 

Carbopol solution also depend on the pH of the solution. From our experiments we found that 

the optimal gel-like Carbopol solution is achievable only if the pH of the solution is in range of 

5.0 – 6.0. Below 4.0 and above 6.5, solutions show very small or almost negligible yield stress, 

while the power-law index becomes quite high (close to one). In other words, the solution 

behaves like a Newtonian solution. 
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Figure 2 Shear stress versus shear rate curves for different Carbopol solutions 

Figure 2 shows the shear rate versus the shear stress curves of the Carbopol liquids tested, 

arranged by increasing yield stress from bottom to top. The figure shows that the yield stress of 

each sample solution depends on the percentage of Carbopol in the liquid, as long as the pH of 

the solution is in the optimal range (5.0 – 6.0). It can be observed that the slope of the lines 

(power law index) changes with an increase in the percentage of Carbopol. 

2.4 Apparatus and method 
The liquid jet was generated with the help of a bladder accumulator, connected to a valve (to 

regulate the flow rate) and a nozzle with an internal diameter of 648 μm. A high-speed liquid jet 

was projected when the nozzle opened, and the jet eventually impacted on a fast moving 

projectile. The surface velocity was achieved with the help of a pressurized air tank and steel 

barrel. Air was filled into air tank until the pressure inside the tank reaches 15 psi. Then the 

projectile shown in figure 4 is pushed inside the steel barrel. The projectile has a rubber 

attached at its back to insure proper seal between steel barrel and projectile. Once the poppet 

valve is opened compressed air from air tank rushes to the steel barrel and projectile gets 

pushed forward giving us a surface speed. The surface speed is non-linearly related with air 

tank pressure. 
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Figure 3 Layout of experimental setup 

The projectile (Figure 4) was covered with a 13 mm thick polished steel surface (the top surface 

of an AREMA 136# rail) and fastened to a wooden base carrier. The jet issues at 25°C from a 

height of 15 mm and impinges on the moving surface perpendicularly. 

 
Figure 4 Projectile with steel surface attached 

 

 
Figure 5 Light source and high speed camera 
assembly 
 

We use a high power light source to illuminate the impingement surface and a high-speed 

camera to capture the activity at the surface. The high-speed camera enabled us to capture 

images at 6000 frames per second, at a 1280 by 854 resolution. Splash and deposition were 

clearly distinguishable using these settings. The projectile velocity was measured through image 

analysis of the high speed captured images. Jet diameter was also measured using high speed 

magnified images of the jet at various heights from the nozzle exit. The captured images were 

then analyzed through an image processing code written in MatLab®. The jet diameter was 

measured at different nozzle back pressures and for different fluids. The experimental setup 

used by Keshavarz [28] and Dressler [29] was also used here. 
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2.5 Results and discussion 

2.5.1 Flow rate measurement 
Flow rate measurement experimentation is an integral part of this research work. With our 

existing set up, this is the only way that we can obtain the jet velocity for the applied nozzle 

pressure. As explained previously, in our experimental setup, pressure is applied to the liquid 

and nozzle with the use of a compressed air cylinder and bladder accumulator. A controllable 

valve increases and a bleed valve releases the pressure inside the accumulator. These valves 

can control pressure in the range of ± 0.25 psi. 
 

To measure mass flow rate, we used a stopwatch and weight balance. For each experiment we 

started the flow and took pressure measurements using a pressure transducer and data 

acquisition system. We then collected the liquid coming out of the nozzle into a container for 60 

seconds. Using the weight balance and stopwatch we were able to calculate the mass flow per 

second. This experiment was repeated three times at each pressure to reduce error. Since the 

nozzle diameter and fluid density is known we were able to calculate the jet velocity. 
 

      (2.1) 

         (2.2) 

Mass flow rate measurement also provides insight into the friction losses occurring within the 

nozzle. By calculating the mass flow rate versus the pressure we can locate any cavitation in 

the flow. The following chart measures the mass flow rate (grams per second) against pressure 

(psi), arranged by increasing the yield stress and consistency constant from top to bottom. 
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Figure 6 Mass flow rates of different cabopol solutions 

 

Figure 6 shows the results of the mass flow rate versus pressure for different Carbopol 

solutions. Figure 6 and Table 1, demonstrate that as the yield stress and consistency constant 

(k) of the solution increase, the mass flow rate (at certain pressures) decreases. 

Figure 7 also shows that as the 

pressure for C-0.1 (solution with 

low yield stress and low viscosity) 

increases, the mass flow rate at 

first follows the Bernoulli principle 

by increasing, but later contradicts 

the principle by subsequently 

decreasing. 
 

Other authors [30,31] that have 

observed this behavior have 

attributed this phenomenon to the 

cavitation of fluid inside the nozzle. Figure 7 Mass flow rates in cavitation and hydraulic flip regions 
[30] 
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No other liquids showed any sign of cavitation, likely due to the higher value of consistency 

constants. Hence, viscosity, when kept at the same speed, is large enough to suppress the 

cavitation of the liquid. 

2.5.1.1 Calculation of the discharge coefficient 

Losses in fluid flow can be calculated by the discharge coefficient. Here we report the discharge 

coefficient with respect to the Reynolds number (Re). The Re has been calculated based on the 

average viscosity in the nozzle. 
 

     (2.3) 

Experimental mass flow was obtained from the experiments explained above. 
 

      (2.4) 

          (2.5) 

           (2.6) 

Figure 8 calculates the discharge coefficient and Reynolds number for each liquid based on the 

above expression. The discharge coefficients increase with an increase in the Reynolds 

number. This shows that as the viscosity decreases, the viscous losses in the nozzle also 

decrease. After observing the plot we noticed that the discharge coefficient begins to decrease 

after Re reaches 2000, and then increases again after Re reaches 3000. This behavior again 

occurs due to cavitation inside the nozzle. This behavior has also been observed for Newtonian 

liquids with lower viscosities [28]. 
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Figure 8 Discharge coefficient of Carbopol solutions with 648micron nozzle 

2.5.2 Splash – deposition experiment 
The interaction of a non-Newtonian liquid jet with a moving surface was captured using a high-

speed camera. The Phantom® V12 camera with an image resolution of 1280 X 854 and 6300 

frame per second speed was used to capture these images. A 100-watt LED light source with a 

light filter illuminated the impingement surface. The liquid jet diameter was approximately 650 

micron, and the spread width in front of the jet was about 20-jet in diameter. The gap between 

the nozzle and the impingement surface was 10 centimeters. Given these distances, the field of 

view of the camera was kept at 20 cm (width) X 10 cm (height). Splash and deposition were 

easily distinguishable in images captured using these settings. 

 

Figure 9 shows the schematic of the jet 

impingement in the frame of reference of the 

surface. At a certain time the liquid jet will always 

appear to be impacting on to the surface at 90 

degree but the velocity vectors will be certain 

angle with the resultant velocity and that angle is 

called jet impingement angle. The outcome of jet 

Figure 9 A Liquid jet impinging on a moving 
surface 
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impingement depends on jet velocity (VJ), surface velocity (VS), liquid density (ρ), dynamic 

viscosity (µ), yield stress ( ), surface tension ( ) and surface roughness ( ) and jet diameter 

( ). These dimensional parameters make five dimensionless parameters. We have been able 

to study effects of four dimensionless parameters such as Reynolds number (Re), Weber 

number (We), Oldroyd number (Od) and Jet impingement angle ( ) in this study. The effects of 

surface roughness ratio have been studied by Keshavarz [28] and increase in surface 

roughness ratio decreases the splash threshold considerably. Relative jet velocity and lamella 

thickness has been used as velocity and length scale for both Reynolds and Weber number. 

The lamella thickness here is assumed as tenth of jet diameter and that is why  is taken 

in the expressions mentioned below. 

 

          (2.7) 

 

          (2.8) 

 

          (2.9) 

 

       (2.10) 

 

Where  is defined as , the jet diameter is 648 microns. 

For each individual liquid we started experiments at lower jet and surface velocities, increasing 

the speed by small increments in subsequent experiments. At smaller jet and surface velocities, 

jets deposit, and at relatively higher velocities jets begin to splash. To find the splash threshold 

for the individual liquids we investigated splash in the vicinity of (± 5 m/s velocity) and analyzed 

the images obtained. From our experiments we found that if splash has been observed at a 

certain speed (for example, at 15 m/s jet speed and 5 m/s surface speed) the impingement 
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outcome will always be splash if velocities have been increased for the same liquid. In other 

words, for individual liquids there is never more than one splash threshold. 
 

 
Figure 10 Effects of the Reynolds number and Oldroyd number on splash-deposition results of Carbopol 
solutions 

 

Figure 10 represents the splash-deposition results for different Carbopol solutions emitted 

through a 648 micron nozzle. The Oldroyd number and Reynolds number are directly related to 

the yield stress and viscosity respectively. In Figure 10 each line represents an individual liquid, 

with the top and bottom lines representing the results of the C-0.1 (yield stress = 10.44, k = 

6.178) and C-0.7 (yield stress = 91.76, k = 83.24) solutions respectively. On each line the 

leftmost and rightmost points represent lowest and highest relative velocity respectively. 
 

Figure 10 clearly shows that there is a splash threshold for each liquid and that it varies with the 

yield stress and consistency constant of the liquid. An approximate boundary between the 

splash and deposition points is a straight line with a positive slope that shows that the splash 

threshold of the liquid is dependent on both the Reynolds number and the Oldroyd number. This 

also means that as the yield stress of the liquid increases, the minimum Reynolds number to 
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cause splash also increases. Therefore, an increase in the yield stress and consistency 

constant inhibits splash. 
 

 
Figure 11 Effects of the Weber number and Reynolds number on splash-deposition results of Carbopol 
solutions 

 

Figure 11 demonstrate the results of a splash-deposition experiment on a Weber number versus 

Reynolds number curve. An approximate boundary between splash and deposition points 

illustrate that it has a power law relation between Re and We number for splash threshold. It can 

also be inferred from nature of power law curve that at low Reynolds numbers the effect of the 

Weber number is almost negligible, and at high Reynolds numbers the effect of the Weber 

number becomes prominent. This is also reasonable because at low Reynolds numbers the 

viscous forces are higher than the surface tension forces. Thus, most of the inertial forces are 

balanced by the viscous forces. However, at high Reynolds numbers the lamella thickness 

(thickness of the liquid sheet generated on the moving surface by the impinging jet) becomes 
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very thin making larger surface area; hence, forces applied by the surface tension become 

dominant and the effect of the Weber number starts to appear. Therefore, the effect of the 

Weber number is dominant at low Weber numbers only. 
 

 
Figure 12 Effects of the jet impingement angle and Reynolds number on splash-deposition results of 
Carbopol solutions 

 

It is clear from Figure 12 that an approximate boundary exits between splash and deposition 

points here as well. The approximate boundary is a straight line with a negative slope close to 

90°. Referring to this approximate boundary it can be inferred that the effect of the jet 

impingement angle is much less significant compared to effect of the Reynolds number. Our 

experiments also show that the jet impingement angle has an almost negligible effect compared 

to the effect of the Reynolds and Oldroyd numbers. The effect of jet impingement is perceivable 

only at very low surface speeds. Otherwise, only the combined jet and surface speed is 

responsible for splash/deposition behaviour.  
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Figure 13 Effect of Bingham number on splash threshold 

Above figure shows that when Bingham number (  is greater than 0.3 the liquid jet 

results in deposition but when it is below that number it starts to splash. It also illustrate that 

increase in percentage of the Carbopol has very little effect on the splash threshold; but the 

splash threshold is almost constant.  

2.6 Summary 
The impaction of a free-surface jet of non-Newtonian fluid onto a moving surface has been 

investigated experimentally. A high-speed jet was generated through a 648 micron nozzle and 

the splash dynamics on the moving surface were captured using a Phantom® V12.1, high-

speed camera. In particular, the study focuses on the effects of the jet velocity, surface velocity, 

and fluid properties on the splash/deposition characteristics of the jet. Several different Carbopol 

solutions with varying yield stress, consistency constant and power-law indices were tested. The 

yield stress, consistency constant, power-law index, jet velocity and surface velocity for these 

experiments ranged from 10-90 Pa, 6-85, 0.28-0.36, 5-40 m/s and 5-15 m/s respectively. The 
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combination jet velocity, surface velocity and fluid properties gave a wide range of Re (1 – 100), 

Od (0.01-0.1) and We (1 – 120). 
 

The key findings of these experimental studies are: 

• Both jet speed (normal speed) and surface speed (tangential speed) play roles in the 

splash or deposition of the jet on a surface. 

• Both the yield stress and consistency constant of the liquids are important in balancing 

the inertial force of the jet. 

• The effects of the jet impingement angle are negligible compared to the effects of the jet 

relative velocity and fluid properties. 

• The surface tension forces are dominant compared to the viscous forces only at low 

Weber numbers. 

• An increase in yield stress and consistency constant inhibits lamella splash. 
 



23 
 

Chapter 3 - Newtonian Liquid Jet Interactions with a Moving surface 

3.1 Introduction 
The behavior of a Newtonian liquid jet impinging on a moving surface has been studied 

experimentally by means of high-speed imaging. In particular, this study focuses on the role of 

the shear viscosities and surface tensions of Newtonian liquids, the resultant velocity of the jet 

and surface, jet diameter, and jet impingement angle, on the splash-deposition characteristics of 

a liquid jet impingement. Several Newtonian liquids including water-glycerin and water-

propylene glycol solutions with wide ranges of shear viscosities and surface tensions were used 

to understand the effects of underlying parameters. Two nozzles with 200 and 400 micron 

diameters were used to understand effect of jet diameters. The jet and surface speed of this 

experimental study ranges from 5 – 40 and 5 -15 m/s respectively. With these experimental 

settings we were able to analyze effects of several dimensionless parameters (Reynolds 

number, Capillary number, and Jet impingement angle). 

The experimental results show both jet and surface speeds play roles in behavior of jet 

impingement. We also observed that low (water) and high (glycerin) viscosities liquid jet 

deposits on the target surface even at 40 m/s but mid-range viscosity (water-35%+glycerin-65% 

to water-60%+glycerin-40%) liquid jets starts to splash at 15 m/s. From high-speed video we 

understood that the thickness of the liquid spread on the target surface is function of viscosity 

and it increases with increase in viscosity. It was also observed that effects of surface tension 

become dominant for lower viscosities liquids and effects of viscosity becomes dominant for 

higher viscosities liquids. A mathematical explanation based on force balance on lamella is also 

obtained to show qualitative effects of viscosities on outcome of a jet impingement. Finally we 

also observed that the ratio of the velocities (Jet impingement angle) was not an important 

variable compared to resultant jet velocity. With this research work we are able to show that the 

decreasing the nozzle diameter decreases the application rate while keeping reasonable jet 

speed and it also provides better chances of deposition. 

3.2 Experimental setup and test liquids prepared 
The experimental setup explained and used in chapter 2 was also used to conduct research 

works reported here. The only difference in experimental setup is that we used smaller diameter 

nozzle (200 and 400 micron nozzle) instead of 648 micron nozzle.  
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Nine water-glycerin and five water-propylene glycol mixtures were prepared for these tests. 

Both the water-glycerin and water-propylene glycol solutions were mixed using double impeller 

rotational mixer for 24 hours. The Rheometry and surface tension measurements were taken 4 

to 5 hours prior to the splash-deposition experiments. Because the water-glycerin mixtures do 

not degrade rapidly, a 4 to 5 hour gap between the Rheometry and splash-deposition 

experiments did not affect the results. We nonetheless measured viscosity at 2-hour intervals to 

account for any errors that may have occurred due to the time gap between experiments.  

The fluid surface tensions were also measured by a Du Noűy ring apparatus at a temperature of 

25°C; the surface tension values for all of the water-glycerin mixtures were close to that of water 

(72.1 mN/m), within a range of ± 5%. The surface tensions of the Water-propylene glycol 

mixtures were smaller than those of the water-glycerin mixtures. Liquid shear viscosities were 

measured using a Bohlin CS 10 Rheometer with a cone-plate arrangement, with a range of 

1mPa.s to 88mPa.s. Since the shear viscosity ranged over two orders of magnitude, the 

Reynolds number of our experiment varied from 10 – 8000. 

All of the Rheological properties of the water-glycerin and water-propylene glycol mixtures have 

been enlisted in Tables 2 and 3. 

Table 2 Rheological properties of water-glycerin mixtures 

Name 
Percentage of 

glycerin in water 

Density 

 

Viscosity 

 

Surface tension 

 
Water 0 1000 1 72.1 

WG-20 20 1052.2 1.5 70.5 

WG-30 30 1078.3 5.5 69.7 

WG-40 40 1104.4 7.2 68.9 

WG-50 50 1130.5 9.6 68.1 

WG-60 60 1156.6 15.3 67.3 

WG-65 65 1169.6 19.2 66.9 

WG-70 70 1182.7 30.53 66.5 

WG-85 85 1221.8 88.02 65.3 
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Table 3 Rheological properties of water-propylene glycol mixtures 

Name 
Percentage of 

propylene glycol 

Density 

 

Viscosity 

 

Surface tension 

 
WPG-05 5 1001.8 1 56.7 

WPG-40 40 1014.4 6.46 42.0 

WPG-50 50 1018 9.20 41.1 

WPG-60 60 1021.6 12.0 39.8 

WPG-75 75 1027 20.7 38.8 

3.3 Results and discussion 

3.3.1 Flow rate measurement 
In our experiments, we calculated the jet velocity using mass flow rate measurements. We 

estimated the mass flow rate using a precise balance and a stopwatch. The liquids at individual 

pressures were discharged for 60 seconds into a container of known weight. The weight of the 

liquid discharged was measured using a balance. Dividing the weight of the discharged liquid by 

60, we calculated the mass flow rate of the liquid. This experiment was conducted for each 

liquid under pressures ranging from 10 – 150psi. 

 

Figure 14 Mass flow rates of water-glycerin solutions through a 200 micron nozzle 
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As these experiments demonstrate, losses due to viscosity in the liquids dispensed through this 

nozzle were minor, and thus the mass flow rates of the different water-glycerin solutions were 

quite close in range. The experimental results are presented in Figure 14. 

The mass flow rates of WG-00 - WG-50 solutions are similar because these liquids are close in 

viscosity levels. Between higher viscosity liquids from WG-60 - WG-85, mass flow rates begin to 

diverge. This behavior was predicted because the viscosity of these liquids changes from 15 

mPa.s to 88 mPa.s as the percentage of glycerin increases from 60 to 85 percent. Mass flow 

rates vary only slightly at lower driving pressures. 

 

Figure 15 Discharge coefficient of water-glycerin solutions dispensed through 200 and 648 micron 
nozzles 

In the above figure we have plotted the discharge coefficient, the measure of losses in the 

nozzle, with respect to the Reynolds number. We report both 200 micron and 648 micron nozzle 

data as a point of comparison. After observing the 200 micron nozzle data we find that as the 

Reynolds number of the flow increases the discharge coefficient also increases. This is related 

to the fact that viscous losses are more dominant at low Re levels than at high Re levels. When 

Re levels are 500 and higher there is first a decrease in the discharge coefficient, followed by an 

increase in its value. This behavior is attributed to the onset of cavitation, behaviour also 

reported by several previous authors [18-20]. For purposes of comparison we also show the 
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mass flow rates obtained using a 648 micron nozzle. The results show that the losses through 

the 648 micron nozzle are higher compared to those from the 200 micron nozzle. While it is 

known in fluid mechanics that in the case of pipe flow, losses decrease as the pipe diameter 

increases, the deviations in these experimental results can be understood in reference to nozzle 

geometry. 

A nozzle cap of standard geometry (Figure 16) was designed and manufactured to enable us to 

conduct experiments with different nozzle sizes (either a 200 or 400 micron nozzle) while using 

the same nozzle cap. Precision pinholes of different sizes were provided by Edmund Optics®. 

The geometry of the nozzle cap and precision holes are illustrated in Figures 16 and 17.  

  
Figure 16 Nozzle assembly and precision pinhole 

 

Figure 17 Geometry and dimension of the precision pinholes 

The diameters of the precision holes are 200 and 400 micron, with thicknesses of 25 and 100 

micron respectively. The 648 micron nozzle is 2 mm thick. Since the majority of the losses occur 

in smaller diameter section of the nozzles, the thickness or depth of the nozzle neck are critical 
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to our study. For the non-dimensional number, losses in the nozzle depend on the ratio of the 

nozzle thickness (H) to the nozzle diameter (D) i.e. H/D. The dimensions for three different 

nozzles are given in Table 4. 

Table 4 Dimensions of three different nozzles 

Nozzles Diameter (micron) 
Thickness 

(micron) 
H/D Type 

200 micron 200 25 0.125 Sudden contraction 

400 micron 400 100 0.25 Sudden contraction 

648 micron 648 2000 3.08 Converging 

 

 

The H/D values for the 200 micron and 648 micron nozzles are 0.125 and 3.08 respectively. It 

can therefore be concluded that losses, which are related to H/D, are larger for the 648 micron 

nozzle. 

3.3.2 Spread radius, spread width and lamella thickness 
Spread radius is defined as the maximum distance of a liquid surface in front of an impinging jet. 

Spread width is defined as the width of the liquid on either sides of a jet impinging on a moving 

surface. Both spread radius and width are shown in Figure 18.  

 

Figure 18 Simple representation of a liquid spreading on a moving surface 
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The spread radius in front of the jet (X) is elliptical, and the spread width on the either side of jet 

(W) is rectangular in shape with a wavy edge. The shape and dimensions of the spread depend 

on the fluid and flow properties. It has been observed that both the spread radius and width 

decrease with an increase in surface speed and fluid viscosity, and that the spread radius and 

width increase with an increase in jet speed and jet diameter. 

Table 5 Spread radius and spread width of water for different jet and surface speeds 

Row  
Jet velocity 

(m/s) 

Surface 

velocity (m/s) 

Spread radius 

(X) in micron 
X/D 

Spread width 

(W) in 

micron 

W/D 

1 8.26 5.12 770 3.84 2440 12.2 

2 10.8 5.29 1140 5.70 4033 20.1 

3 11.3 9.84 1087 5.43 2865 14.3 

4 18.7 5.19 1698 8.49 5519 27.6 

5 18.7 10.1 1247 6.23 5201 26.0 

6 24.6 5.31 1698 8.49 6262 31.3 

7 25.6 9.98 1592 7.96 5838 29.1 

 

Table 5 reports data recorded on a water jet generated through a 200 micron nozzle. In Rows 2, 

3, 5 and 7, where surface velocities are close but jet velocities are increasing, the jet velocity 

rises, and the spread width both in front of and on the sides of the jet also increase. Rows 3, 4, 

5 and 6 also illustrate that spread widths decrease with an increase in surface velocity.  

Experiments were also conducted with other liquids such as WG-20, WG-30 and WG-85, using 

both 200 and 400 micron nozzles. It was found that increasing liquid viscosity decreases both 

spread radius and spread width.  
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Figure 19 Representation of a jet spreading on a moving surface 

Lamella thickness can be calculated roughly by applying a continuity equation between the 

incoming jet and the rate, at which the liquid spreads on the surface.  

Assuming that half of the liquid spreads to the front and half of the liquid spreads to back of the 

jet. Therefore, the lamella thickness can be calculated using a mass balance formulation, 

   (3.1) 

The velocity of the fluid at any distance r from impingement point varies along its thickness due 

to boundary layer effect. However, due to the unavailability of information regarding the velocity 

profile of a lamella at any cross-section, we will apply this velocity as a constant and identify it 

as the average velocity at that radial distance. The lamella velocity will also vary along the 

radius. The velocity of the liquid in the vicinity of the impingement point will be very close to the 

jet velocity. The jet velocity will be equal to the surface speed at a far distance from the 

impingement point. Therefore, the velocity of the lamella will vary from the jet velocity to the 

surface velocity. Here, velocity variation is taken linearly, 

        (3.2) 

Where, 

 is the velocity of the lamella at any distance r from the impingement point. 
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 ,  and X represent the jet velocity, surface velocity and spread width in front of the jet.  

Now lamella thickness at any distance r can be calculated using the equation given below, 

          (3.3) 

Using expressions for  and  we will have, 

        (3.4) 

Lamella thickness at r = X, i.e. where a liquid changes its direction of motion, 

          (3.5) 

3.3.3 Splash – deposition experiments 
Using 200 and 400 micron nozzles, and water-glycerin and water-propylene glycol solutions, a 

series of experiments were conducted to study the interaction of a Newtonian liquid jet with a 

high speed moving surface. The jet velocity ranged from 5 – 40 m/s and the surface velocity 

ranged from 5 – 15 m/s. The Reynolds and Weber numbers, based on jet diameter, ranged from 

10 – 8000 and 200 – 4000 respectively. The results showed that for water, and some low 

viscosity water-glycerin solutions, no splash occurred even at jet velocities as high as 40 m/s, or 

at surface velocities as high as 15 m/s. No splash occurred for high viscosity water-glycerin 

solutions, but for mid-ranged viscosity solutions splash occurred at relatively low velocities.  

   
Figure 20 Impingement of water (left), WG-60 and WG-85 (right) jets (generated from a 200 micron 
nozzle) with jet speed of 15 m/s on a surface moving from left to right at 5 m/s. 

It can be observed from Figure 20 that the water (left) and WG-85 (right) jets deposit on the 

surface, but the WG-60 jet splashes upon impaction. All of the experimental parameters, 

including surface temperature, jet speed and surface speed, were kept constant. It is also clear 

from the above figure that for low viscosity liquids, such as water, the length of the liquid surface 
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in front of the jet (or spread radius) is smaller than the spread radii produced by high viscosity 

liquids; e.g. WG-85.  

It was observed that pure water to WG-30, and pure liquid glycerin to WG-75 jets deposited on 

the surface through a 200 micron nozzle very smoothly, and those liquids in the range of WG-40 

- WG-65 began to splash at very low jet speeds.  

 

Figure 21 Effects of Re and Ca on the splash-deposition results of water-glycerin solutions dispensed 
through a 200 micron nozzle 

Figure 21 clearly shows that splash-deposition results are dependent on both the Capillary 

number and Reynolds number. Liquid deposits when a low Re accompanies a high Ca, and 

when a high Re accompanies a low Ca. When a medium Re accompanies a medium Ca, 

however, both splash and deposition occur. For liquids such as WG-40, WG-50 and WG-60, the 

jet deposits on the surface at low Re and Ca levels, and starts to splash as the Re and Ca 

increase. For these three liquids, it was experimentally found that jets start to splash at a 

relative jet velocity of 13 m/s. For these liquids, the effect of the jet impingement angle also 

becomes significant i.e. at lower surface velocities (2-4m/s) jets start to splash at a relative 

velocity of 18 m/s, but at high surface velocities (5-7) jets begin to splash at a relative velocity of 

10 m/s.  



33 
 

 

Figure 22 Effects of Reynolds and Ohnesorge number on the splash-deposition results of water-glycerin 
solutions dispensed through a 200 micron nozzle 

Figure 22 shows the splash deposition results on Reynolds number versus Ohnesorge number 

plot. The Ohnesorge number ( ) does not include velocity in its definition giving 

observation in forms of effects of velocity and nozzle diameter separately. Above figure clearly 

shows that as at low Oh and High Re, and high Oh and low Re results in deposition but 

intermediate Oh and Re gives both splash and deposition. It can also be understood from above 

figure that both Oh and Re play role in splash deposition characteristics.   
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Figure 23 Effect of jet impingement angle and Ca on splash-deposition results of water-glycerin solutions 
dispensed through a 200 micron nozzle 

Figure 23 clearly illustrates that no splash occurs when Ca ≤ 1 and Ca ≥ 5, but splash does 

occur when 1 ≤ Ca ≤ 5. One can also conclude that jet deposition is governed most significantly 

by the Capillary number value. In the deposition/splash zone there is almost negligible 

dependence on the impingement angle. In the region where splash points are located (i.e. 

points between 1 ≤ Ca ≤ 5), it is reasonable to say that the effect of the jet impingement angle is 

negligible compared to effect of the Capillary number.  

This trend - deposition for low and high viscosity liquids, but splash for mid-range viscosity 

liquids - was consistent with the 400 micron nozzle as well. However, despite this fact the range 

of viscosity at which splash occurs increased; for the 200 micron nozzle the viscosity range was 

from WG-40 to WG-65, but for the 400 micron nozzle it changed from WG-35 to WG-75. 
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Figure 24 Impingement of water (left), WG-75 and WG-85 (right) jets (generated from a 400 micron 
nozzle) with a jet speed of 15 m/s on a surface moving from left to right at 5 m/s. 

Figure 24 shows that water and WG-85 jets deposit on the moving surface, and WG-75 jets 

splash at jet and surface speeds of 15 m/s and 5 m/s respectively. From Figures 20 and 23 it 

can be understood that the splashing of jets of mid-ranged viscosities is not limited to only 200 

micron jets but to other jets as well. It is also noticeable, similar results with 200 micron nozzle, 

from the above figure that the spread radius decreases as the viscosity of the liquid increases. 

Upon calculating the lamella thickness using the spread radius we found that the lamella 

thickness increases as the viscosity of the liquid increases. 

 

Figure 25 Effects of Re and Ca on splash-deposition results of water-glycerin solutions using a 400 
micron nozzle 

Figure 25 shows results obtained for experiments conducted with a 400 micron nozzle using the 

same water glycerin mixtures used for the 200 micron nozzle. It can be observed from the plot 

that splash does not take place when a low Capillary number is accompanied with a high 
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Reynolds number, and when a high capillary number accompanies a low Reynolds number. 

Splash does occur, however, when the Capillary and Reynolds numbers are at a medium level. 

Comparing the above plot with results for the 200 micron nozzle (Figure 21) we can infer that 

although splashing starts for the same liquids generated through both nozzles, the range of 

splashing for the 400 micron nozzle is clearly larger than the range for the 200 micron nozzle.    

 

Figure 26 Effect of the jet impingement angle and Ca on splash-deposition results of water-glycerin 
solutions using a 400 micron nozzle 

Figure 26 clearly shows that both splash and deposition results are determined by the Capillary 

number value. The plot also reveals that the jet impingement angle has an almost negligible 

effect on splash and deposition. Similar behavior has been observed with the 200 micron nozzle 

(Figure 23).  

Figures 23 and 26 illustrate that under certain conditions both splash and deposition values are 

very close, and in some cases the values actually overlap. This occurs because the 

splash/deposition of a liquid jet on a moving surface depends on several non-dimensional 

numbers such as the Reynolds number, Capillary number, Ohnesorge number, surface 

roughness ratio and jet impingement angle. The above plots, however, are simply two-
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dimensional projections of a multi-dimensional plot. While one jet may splash due to a high 

Reynolds number, and another jet may deposit as a result of a low Reynolds number, these 

different results may occur in the presence of similar Capillary number values and jet 

impingement angles. This causes both the deposition and splash points to overlap, which can 

generate confusion when analyzing results. Regardless of this behavior we can still infer from 

the above plots that the jet impingement angle has a weaker effect on jet impingement 

outcomes than the Capillary number does. 

We also conducted experiments with other liquids of a similar viscosity range to make sure that 

this behavior did not occur due to an anomaly in water-glycerin solutions. We used water-

propylene glycol solutions of different percentages to match the viscosity of the water-glycerin 

solutions. Propylene glycol is easily soluble in water, and upon 24 hours of mixing it does not 

degrade over time. The rheometry showed that the water and propylene glycol mixture is purely 

Newtonian with a surface tension of at least half of that of water. The experiments were 

conducted with a 200 micron nozzle and only with liquids which had a viscosity range of WG-40 

to WG-65. The results obtained from the water-propylene glycol experiments were consistent 

with the water-glycerin results. 

   
Figure 27 Impingement of WPG-05 (left), WPG-50 and WPG-75 (right) jets (generated from a 200 micron 
nozzle) with a jet speed of 15 m/s on a surface moving from left to right at 5 m/s. 

Comparing Figures 20, 24 and 27 we can infer that water-glycerin liquid jet and other liquids 

with viscosities from 7 mPas – 18 mPas produce similar splash behaviour. As well, it is 

interesting to note that although the surface tension of the water-propylene glycol solutions is 

almost 40% lower than that of the water-glycerin solutions, splashing behaviour remains 

constant. 

3.4 Mathematical explanation for splash of liquid jets of mid-range 
viscosities 

The splash and deposition of a liquid jets are related to several flow and fluid properties (jet and 

surface velocities, density, surface tension, viscosity and elasticity). For Newtonian liquid jets we 

observed that low viscosity liquid jet deposits on the surface and when viscosity of fluid 
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increases it starts to splash and finally at relatively higher viscosity it deposits again. The results 

were very interesting because previously Keshavarz [28] have shown increase in the viscosities, 

always lead to better chances of deposition. After careful observation of their results we found 

that viscosity range in which they [28] conducted their experiments and reported their results 

were already in higher end of our viscosity range. Our results also support that premise. 

After analyzing the splash dynamics we observed that as the viscosity of the liquids increase the 

lamella thickness created by impinging jets also increase. We found by that a square root 

relation between lamella thickness and liquid viscosity exits and it is valid for liquids used in this 

study. It was also observed from high speed videos of the experiments that lift of the lamella 

(inception of splash) is related to thickness of the lamella and inertia of the jet. In other words 

the splash is closely related to the forces acting on the lamella. 

There are three major forces acting on the lamella; inertia, viscous and surface tension forces. 

The inertia force comes from the jet velocity and the density of the liquid. It tends to break the 

lamella causing the splash and both viscous and surface tension forces acts as resistance force 

and keep to lamella attached to the target surface. The forces on lamella depend on both 

velocity and thickness of the lamella, and fluid properties. As the lamella thickness grows due to 

increase in fluid viscosity, the area of the surface open to air decrease making surface tension 

forces smaller. Increase in thickness also decreases the shear rate but due to increase in 

viscosity overall viscous forces increases. Therefore with increase in viscosity, lamella thickness 

increases, surface tension forces decreases and viscous forces increases.  

After plotting the magnitude of the overall stresses on the lamella, we found that there is certain 

viscosity range where the overall force becomes negative i.e. inertia force becomes larger than 

combined viscous and surface tension force, causing jet to splash. 

3.4.1 Comparison of forces/stresses on lamella 
The magnitude of the stresses on lamella has been calculated with formulations mentioned 

below. The thickness of the lamella and the velocity in the expression below has been 

calculated from equation 3.2 and equation 3.4. 

         (3.6) 

          (3.7) 
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         (3.8) 

The results shown in figures 28 and 29 are obtained with 200 micron nozzle and jet and surface 

velocity = 15 and 10 m/s respectively. Figure 28 clearly shows that as the percentage of glycerin 

increases the inertial stress increases (because of increase in density), shear stress also 

increase (because of rapid increase in viscosity) but surface tension stress decrease. Because 

of this the combined resistance forces (viscous + surface tension force) first decreases and then 

increases. 

 

Figure 28 Inertial, shear and surface tension stresses on the lamella 

The above figure also shows that between 35 to 75 percentages of glycerin the inertial stress is 

higher than resistance stresses.  
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Figure 29 Total stress on the lamella 

Figure 29 illustrate the total stress on the lamella and between 35 to 75 percentages of glycerin 

it becomes positive making inertial stress higher than the resistance stress. This is the region 

where we have observed the splash even at 15 m/s of relative jet velocity. 

3.5 Summary 
This study has experimentally investigated the impaction of a free-surface jet of Newtonian fluid 

on a moving surface. In particular, the study has focused on the effect of jet and surface 

velocity, and fluid properties on jet splash/deposition characteristics. Several different 

Newtonian fluids with varying viscosity and surface tension values were tested, including water-

glycerin and water-propylene glycol solutions. High-speed imaging was used to visualize splash 

dynamics on the moving surface. Two nozzles with 200 micron and 400 micron diameters were 

used to conduct this experiment. The viscosity, surface tension, jet velocity and surface velocity 

for these experiments ranged from 1-90 mPas, 35-72 mN/m, 5-40 m/s and 5-15 m/s 

respectively. The combination jet velocity, surface velocity and fluid properties gave a wide 

range of Re (10 – 8000) and We (200 – 400). 

The key findings of these experimental studies are: 

• Both the jet speed (normal speed) and surface speed (tangential speed) play a role in 

the splash or deposition of a jet on a surface. 
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• Both the surface tension and viscosity of a liquid are important in counter balancing the 

inertial force of the jet. 

• The effect of the jet impingement angle is negligible compared to the jet relative velocity 

and fluid properties. 

• The jet impingement spread radius of low viscosity liquids is higher than that of high 

viscosity liquids. 

• The lamella thickness increases as the viscosity, surface speed and jet diameter 

increase, but decreases with an increase in jet velocity. 
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Chapter 4 - Experiments using KELTRACK® Solutions 

4.1 Introduction 
KELTRACK® is a liquid friction modifier product produced by Kelsan Technology Corporation. It 

is dark grey, water-based liquid with solid particle and polymer suspensions. As the liquid is 

mixed thoroughly, the macro suspensions are not visible to the naked eye. This KELTRACK® 

liquid is prone to solidification if left exposed to open air for long periods of time. Field 

experiments conducted by Kelsan report that application of this liquid reduce locomotive fuel 

consumption by 6-8%. The product also reduces the rate of wheel and track wear, as well as 

noise levels in locations surrounding rail tracks. 

During this graduate research study we conducted experiments using Newtonian, shear thinning 

and elastic liquids of constant viscosities. Results showed that increasing the viscosity, elasticity 

and consistency constant (k) of liquids inhibits splash. It was our growing interest that motivated 

us to conduct experiments with liquids that exhibited both strong shear thinning and large 

relaxation times. From this experimental study we were able to analyze the combined effects of 

both shear thinning and elasticity on the splash-deposition characteristics of the impinging jet. 

4.2 Liquids prepared 
Rheometry tests show that KELTRACK® is a non-Newtonian liquid, exhibiting significant shear 

thinning and elasticity but minimal yield stress. Three samples of KELTRACK® were obtained 

from Kelsan Technology Corporation to perform these experiments. The first solution, 

KELTRACK® normal Hi-rail, shows a 1000 cP shear viscosity under a 20 revolutions/second 

shear rate. The second solution possesses a 50% lower viscosity than KELTRACK® normal Hi-

rail, and the third solution is 50% higher in viscosity than KELTRACK® normal Hi-rail. The same 

experimental setup along with a 400 micron nozzle (described in Chapter 2 and 3) was used in 

these experiments. 

4.3 Results and discussions 

4.3.1 Rheometry of the liquids 
We performed rheometry, mass flow rate and splash-deposition experiments. The rheometry 

experiment involved measuring both the relaxation times and shear viscosities of the liquids. 

Shear viscosity was measured using a Bohlin CS 10 rheometer with a serrated parallel plate 

setup. Shear viscosity measurements showed a very low yield stress value for all three liquids. 
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The relaxation time was measured using a Kinexus Rheometer from Malvern®. 1 Pa shear 

stress was applied to the samples in the frequency range of 1 - 50 Hz. The relaxation time was 

obtained by locating the intersection point of the shear storage modulus (G’) and shear loss 

modulus (G’’) curves. For some elastic liquids there can be more than one intersection point, 

meaning that the liquid has more than one relaxation time. The three liquids that we observed 

however only had one intersection point and, hence, only one relaxation time. 

 

 

Figure 30 Storage and Loss moduli of the KELTRACK® Normal Hi-rail solution 

Figure 30 shows that the shear storage modulus (G’) and shear loss modulus (G’’) intersects at 

19.83 Hz. The relaxation time is calculated using the below expression, 

 

The units for relaxation time and frequency are sec and Hz respectively. 
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Figure 31 Shear viscosities of KELTRACK® solutions 

Figure 31 clearly shows that the shear viscosity of the samples decreases as the applied shear 

rate increases. Because viscosity levels remain almost constant as shear rates rise from 0.1 - 

0.5, the values of yield stress is almost negligible for these liquids. The rheological properties of 

all three KELTRACK® solutions are listed in Table 6. 

Table 6 Rheological properties of KELTRACK® solutions 

Product Name Product Code Relaxation 

Time (ms) 

Yield Stress 

(Pa) 

Consistency 

Constant 

Power 

Law Index 

Keltrack-500 SS-2096-02-01 50.22 2.866 0.766 0.68 

Keltrack-1000 505-HR1-19000 52.82 1.383 1.931 0.58 

Keltrack-1500 SS-2096-02-02 83.75 3.014 7.602 0.45 

 

4.3.2 Mass flow rate measurements 
The mass flow rates were measured using the same method explained in previous chapters 

(Chapter 2 and 3). The results presented in Figure 31 show that the mass flow rates for 

Keltrack-500 and Keltrack-1000 are very close in value. However, when including higher 
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viscosity solutions in the comparisons (Keltrack-1500), the flow rate curves start to diverge. 

Flow rate patterns also show that losses are almost negligible due to an increase in viscosity at 

lower nozzle back pressures; similar mass flow rates were shown for all three liquids. Similar 

results have been shown in previous chapters.  

 

Figure 32 Mass flow rates of KELTRACK® solutions projected through a 400 micron nozzle 

 

Figure 33 Jet velocities of KELTRACK® solutions projected through a 400 micron nozzle 
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In order to avoid jet deflection in the presence of a 60-70 km/h crosswind, jet velocity must be 

sustained at a minimum of 12 m/s. This jet velocity is easily achievable using 400 micron 

nozzle. Figure 33 shows that under a 60 psi nozzle back pressure, the jet velocity is 15 m/s for 

all three liquids. It is also worth mentioning that the mass flow rate for a 15 m/s jet velocity is 

2.19 g/sec, an application rate that Kelsan Technology Corporation could reasonably adopt. 

4.3.3 Splash-deposition experiments 
The results of our splash-deposition experiments with all three KELTRACK® solutions revealed 

that the liquid jet is stable as it exits the nozzle. All instabilities caused by capillary forces and 

nozzle geometries are negligible here. Figure 34 illustrates that the liquid jet does not exhibit 

any waviness prior to impacting the surface. 

4.3.3.1 Effect of jet and surface speeds 

It has been proven that for Newtonian and non-Newtonian liquids, both jet and surface speed 

play a role in the splash-deposition behavior of a jet impacting a moving surface. To study the 

effect of surface speed on jet impaction for the three KELTRACK® solutions, we conducted 

experiments that varied the jet and surface speed separately. Our results show that increasing 

the jet speed while the keeping surface speed nearly constant changes the impingement 

outcome from deposition to splash. Similar results were observed when jet speed was kept 

constant while surface speed was continuously increased. 

Though we conducted experiments with all three KELTRACK® solutions, the following images 

depict results obtained from the KELTRACK® normal Hi-rail (Keltrack-1000) solution only. 

 

Figure 34 Jet velocity = 27.4, surface velocity = 10.1 m/s 
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Figure 34 clearly shows that when jet velocity = 27.4 and surface velocity = 10.1 m/s, jets 

deposit smoothly. There is also no instability along the edges of the lamella (liquid spread on the 

surface). This demonstrates the effectiveness of high viscosity and elasticity in inhibiting splash. 

When jet velocity is increased further to 29.7 m/s while keeping the surface velocity at 10.5 m/s 

however, the jet begins to splash. Although the splash pattern appears vigorous, ligaments and 

droplets from the lamella do not separate from the surface. The formation of resilient ligaments 

is related to the high elasticity of the KELTRACK® solutions. 

 

Figure 35 Jet velocity = 29.7, projectile velocity = 10.5 m/s 

4.3.3.2 Effect of surface temperature 

Because the temperature of a rail track while in operation can vary from 5 - 100°C, and 

temperature fluctuations can alter fluid properties such as viscosity, surface tension and 

elasticity, we conducted experiments at elevated temperatures up to 62°C. The experiments 

were carried out in the vicinity of the splash threshold to study if a change in surface 

temperature causes any change to the splash threshold. We used the KELTRACK® normal hi-

rail (Keltrack-1000) solution and a 400 micron nozzle as the test liquid and nozzle respectively. 

The experiments were conducted at room temperature, 25°C, 55°C and 62°C. The results show 

that elevated temperatures do not have a significant effect on splash/deposition results. All three 

liquids showed deposition at below mentioned velocities. 
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Figure 36 Jet velocity = 26.9, projectile velocity = 6.77 m/s at 55°C surface temperature 

Although we did not observe any significant change to the splash threshold due to changing 

surface temperatures, the lamella (liquid spread) did dry up immediately upon jet impingement. 

This occurred because the temperature gradient was high enough to evaporate the lamella, 

since the lamella had a thickness of only a few microns. 

4.3.3.3 Effect of shear viscosity and elasticity 

As mentioned previously, we used three test liquids to perform these experiments. The names 

and rheological properties of these liquids are listed in Table 6. Table 7 reports the rheological 

properties and splash thresholds for each liquid. We obtained the splash threshold for each 

liquid by conducting experiments where the liquid jet speed was changed while the surface 

speed was kept constant, and vice versa. 

Table 7 Rheological properties and splash thresholds of KELTRACK® solutions 

Row Product Name Relaxation 

Time (ms) 

Yield Stress 

(Pa) 

Consistency 

Constant 

Power 

Law Index 

Splash 

Threshold 

1 Keltrack-500 50.22 2.866 0.766 0.68 25.5 m/s 

2 Keltrack-1000 52.82 1.383 1.931 0.58 32.4 m/s 

3 Keltrack-1500 83.75 3.014 7.602 0.45 No splash 

 

While we found the splash threshold for Keltrack-500 and Keltrack-1000, due to limitations in 

our experimental setup we could not find the splash threshold for Keltrack-1500. Though the 

Keltrack-1500 liquid jet still showed deposition at a relative jet speed of 35 m/s, we could not 
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increase jet velocities any further than this. Hence we did not observe any splash threshold for 

this liquid. 

Rows 1 and 2 of Table 7 show that keeping the liquid elasticity constant (at very close relaxation 

time values) while increasing the liquid viscosity increases the splash threshold. The splash 

threshold increases from 25.5 - 32.4 m/s when the viscosity is nearly doubled. Rows 2 and 3 

show that increasing both the elasticity and viscosity of the liquid also increase the splash 

threshold. In other words, increasing liquid viscosity and elasticity aids in inhibiting splash.  

4.4 Summary 
An experimental study of jet impingement on a moving surface was conducted by means of high 

speed imaging. Three samples of KELTRACK® liquid friction modifier were used as test liquids. 

KELTRACK® is a non-Newtonian fluid that exhibits both shear thinning and elastic behavior. 

The relaxation time and consistency constant of the liquids ranged from 50 – 80 ms and 0.76 – 

7.60 respectively. The jet and surface speed of this study ranged from 5 – 35 m/s and 5 – 15 

m/s respectively. A 400 micron nozzle dispensed the liquid jet, after which the jet impinged on 

the surface from a height of 10 cm. 

The key findings of this experimental study are: 

• Both jet and surface speed play a role in the splash-deposition characteristics of the jet. 

• Increasing liquid elasticity and viscosity both increases the splash threshold and 

stabilizes the liquid jet upon exiting the nozzle. 

• The temperature of the surface has a negligible effect on the splash threshold of the 

KELTRACK® solutions. 

• When jet splash does take place, ligaments remain attached to the lamella due to high 

elastic forces.  



50 
 

Chapter 5 - Conclusions and Recommendations for Future Works 

5.1 Conclusions 
A systematic study of jet impact on moving surfaces was conducted with both Newtonian fluids 

and non-Newtonian fluids to study effects of viscosity, surface tension, jet diameter, jet and 

surface velocities, and surface temperature on splash characteristics of jet impingement. A high 

speed camera was used to capture the images of the jet interacting with a moving surface. The 

liquid jet was generated from nozzles with internal diameter 200, 400 and 648 micron. The 

results obtained from these experiments provided better insight into jet impingement on a 

stationary and a moving surface. All the conclusions drawn into this research work has been 

reported below in form of categories.  

5.1.1 Conclusions for non-Newtonian fluids 
Seven different samples of non-Newtonian liquids (Carbopol and water solutions) with varying 

yield stress, consistency constant and power-law indices were tested. The yield stress, 

consistency constant, power-law index, jet velocity and surface velocity for these experiments 

ranged from 10-90 Pa, 6-85, 0.28-0.36, 5-40 m/s and 5-15 m/s respectively. The combination jet 

velocity, surface velocity and fluid properties gave a wide range of Re (1 – 100), Od (0.01-0.1) 

and We (1 – 120). 
 

The key findings of these experimental studies are: 

• Both jet speed (normal speed) and surface speed (tangential speed) play roles in the 

splash or deposition of the jet on a surface. By keeping the surface speed constant and 

increasing the jet speed the impingement results changes from deposition to splash. 

Same result was obtained when jet speed was kept constant and surface speed was 

increased. The resultant velocity to get splash for individual liquids was almost similar 

with both the approaches. 

• Both the yield stress and consistency constant of the liquids are important in balancing 

the inertial force of the jet. By increasing the yield stress and consistency constant we 

were able to get the deposition at even higher resultant velocities.  

• The effects of the jet impingement angle are negligible compared to the effects of the jet 

relative velocity and fluid properties.  

• The surface tension forces are dominant compared to the viscous forces only at low 

Weber numbers.  
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5.1.2 Conclusions for Newtonian fluids 
Several different Newtonian fluids with varying viscosity and surface tension values were tested, 

including water-glycerin and water-propylene glycol solutions. The liquid jet was generated with 

200 micron and 400 micron diameters nozzles. The viscosity, surface tension, jet velocity and 

surface velocity for these experiments ranged from 1-90 mPas, 35-72 mN/m, 5-40 m/s and 5-15 

m/s respectively. The combination jet velocity, surface velocity and fluid properties gave a wide 

range of Re (10 – 8000) and We (200 – 400). 

The key findings of these experimental studies are: 

• Both the jet speed (normal speed) and surface speed (tangential speed) play a role in 

the splash or deposition of a jet on a surface. 

• Both the surface tension and viscosity of a liquid are important in counter balancing the 

inertial force of the jet. The effect of surface tension was observable only for low 

viscosity (Water to Water-70%+glycerin-30%) jets and for high viscosity fluid effects of 

viscosity was dominant. 

• The jet impingement spread radius of low viscosity liquids is higher than that of high 

viscosity liquids. 

• The lamella thickness increases as the viscosity, surface speed and jet diameter 

increase, but decreases with an increase in jet velocity. As the viscosity of the liquids 

increase the fluid decelerates quickly and at shorter distance from impingement point 

making the spreading smaller and lamella thickness higher. 

• The effect of the jet impingement angle is negligible compared to the jet relative velocity 

and fluid properties.  

5.1.3 Conclusions for KELTRACK solutions 
Three samples of KELTRACK® liquid friction modifier were used as test liquids. KELTRACK® is 

a non-Newtonian fluid that exhibits both shear thinning and elastic behavior. A 400 micron 

nozzle was used to generate the liquid jet. The relaxation time and consistency constant of the 

liquids ranged from 50 – 80 ms and 0.76 – 7.60 respectively. The jet and surface speed of this 

study ranged from 5 – 35 m/s and 5 – 15 m/s respectively. A 400 micron nozzle dispensed the 

liquid jet, after which the jet impinged on the surface from a height of 10 cm. 
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The key findings of this experimental study are: 

• Both jet and surface speed play a role in the splash-deposition characteristics of the jet. 

• Increasing liquid elasticity and viscosity both increases the splash threshold and 

stabilizes the liquid jet upon exiting the nozzle. 

• The temperature of the surface has a negligible effect on the splash threshold of the 

KELTRACK® solutions. 

• When jet splash does take place, ligaments remain attached to the lamella due to high 

elastic forces.  

5.2 Strength and limitation of thesis research 
The results obtained from this research work have both scientific and practical applications. 

There is very little known about a jet impingement on a moving surface that makes this research 

work one of its kinds. The study of effects of individual fluid and flow properties and also 

combined effects of some of fluid properties have not been conducted in detail previously for jet 

impingement on a moving surface. Keshavarz [28] reported that for a Newtonian jet impinging 

on a moving surface the critical Reynolds to get splash is 350 but prove that it is possible to get 

depositions even at Re = 8000. We also have been able to study the combined effects of both 

shear thinning and elasticity on outcome of jet impingement. The results obtained here can be 

applied to jet impingement on a stationary or a slow moving target.  

All the experiments in this research work were done with a slow moving target therefore these 

results may not be applicable to high speed moving targets. The thickness and velocity profiles 

of fluid on the target surface are also not possible to estimate with our current experimental 

setup that makes our results little bit off from actual numbers. But qualitatively the results are 

very promising. 

5.3 Potential applications of research findings 
The results obtained in this research work can be applied to several industrial applications. In 

curtain coating industry it is very necessary to provide uniform coating without wasting too much 

of product. By putting several airless nozzles perpendicular to curtain speed direction proper 

coating can be achieved. This will also ensure minimal wasting of the product if application rate 

is kept in deposition range. 

The research findings from this research work can also be applied for understanding 

hydrodynamics section of heat transfer through liquid jet impingement. Another use for liquid jet 
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impingement is the application of liquid friction modifier (LFM) to railroad tracks for friction 

control. Currently the LFM is applied with air blast atomization which has very poor transfer 

efficiency but if airless jet impingement is used it can improve the efficiency considerably. 

5.4 Recommendations for future works 
The experiments conducted in research work have provided some very promising results for 

using airless jet impingement in rail road industry for utilization of Liquid Friction Modifiers. 

Therefore there is need to explore this area further and find the best way to harness this 

technology. Some of the works that can be useful for both industry and academia are listed 

below:  

• All the experiments in this research work have been conducted in academic setup 

therefore neglecting any change in surrounding air, pressure or temperature. Therefore 

the effects of surrounding air need to be studied. It can be achieved by performing 

experiment inside a vacuum chamber at reduced air pressure. This will definitely give an 

idea regarding effects of the air. 

• The current setup does not enable us to add crosswind or vibration, and associated 

boundary layer effects that may happen in the field for the impacting rail surface. These 

effects may multiply at high speed application therefore a more elaborate experimental 

setup can be designed to conduct these experiments. 

• Although effects of individual fluid properties (surface tension, viscosity and elasticity) 

have be studied, it is desirable to study combined effects of surface tension and 

elasticity or viscosity and elasticity because KELTRACK® or any other industrial liquids 

have elasticity and viscosity together. 

• These experiments have been conducted with slow moving targets and results obtained 

are very promising but due to upsurge interest in high speed trains, further studies for 

the application of the same airless nozzle for higher train/jet speeds can be an 

interesting field for both industrial and academic challenges. 

• It will be useful to the amount of the liquid adhering to the target surface in case of the 

splash of the liquid jet after impingement. This will also provide logical insight into the 

transfer efficiency of this mode of application.  
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Appendices 

A - Effect of static contact angles 

A.1 Test liquid and surfaces 
Six different liquids, both Newtonian and non-Newtonian and three surfaces were prepared to 

perform this experimental investigation. Liquid shear viscosities were measured with Bohlin CS 

10 Rheometer with cone-plate arrangement and it ranged from 1mPa.s to 340mPa.s. The 

impingement surfaces were prepared carefully to eliminate the effects of surface roughness on 

splash characteristics. Static contact angle (Table 2) of liquids with impingement surfaces were 

measured with a high-resolution camera and image processing software.   

Table 8 Static contact angles in degrees 

Liquids Glass Steel Teflon 

Water 17.5 60 103.5 

Water-15% + Glycerin-85% 20.3 58 97 

Water-25% + Glycerin-75% 23.8 55.7 100.5 

Propylene Glycol (PG) 13.5 63.5 101.8 

Silica-10% + PG-90% 19.5 63 102 

Silica-14% + PG-86% 18 64 100 

 

A.2 Results and discussion 
Experiments were carried out to study effects of static contact angle on the splash threshold 

of a jet impinging on a moving surface. The jet and projectile velocity and liquid shear viscosity 

were selected carefully so that Reynolds number is in the vicinity of the splash threshold. 

Figures 37-A, 37-B and 37-C show deposition of water – 15 % + glycerin – 85% jet impinging on 

glass, steel and Teflon surfaces respectively. Similarly Figures 37-D, 37-E and 37-F show 

splash of the same liquid on these surfaces. The Reynolds number of this experiment ranged 

from 350-450 and Weber number ranged from 1000-1200.  
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The contact angles for this liquid on the given surfaces vary from 10 to 101 (Table 2). In 

contrast with results from droplet impact on a dry surface, where contact angle is an important 

parameter in determining droplet spreading, the results for jet impingement show that splash or 

deposition is independent of the type of impingement surface. This experiment has been 

performed for several other liquids (mentioned in Table 8) and the results show the same 

behavior i.e. splash or deposition is independent from wettability of the surface at these Weber 

numbers.  

 
Figure 37 (A-C) Deposition and (D-E) splash of an elastic jet on a moving surface traveling from left to 
right with 5.3 m/s. Jet speed in left column (A-C) is 11.3 m/s, before splash threshold and in right column 
(D-F) is 13.5 m/s, after splash threshold. 
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A.3 Conclusions 
For investigation of static contact angle six liquid samples and three surfaces were prepared. 

Both splash and deposition happened on all three surfaces simultaneously regardless of their 

contact angles. In other words, when deposition happened on the glass surface it happened on 

both steel and Teflon as well, and the same results appeared when splash happened on glass 

surface. The results were repeatable with different test liquids.  
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B - Experiments with pure shear thinning fluids 
Experiments were also conducted with pure shear thinning liquids to study effects of 

consistency constant on the splash threshold of jet impingement. The water-xanthan gum 

solutions were used for these studies. The water-xanthan gum solutions are non-Newtonian 

shear thinning liquids with very small yield stress. Although these liquids show yield stress due 

to its smaller value it can be considered as pure shear thinning liquids. 

The table blow shows the rheological properties of water-xanthan gum solutions. 

Table 9 Rheological properties of water-xanthan gum solutions 

Percentage of 

xanthan gum 

Yield stress 

(Pa) 

Consistency constant Power-law index 

0.1 1.26 0.026 0.81 

0.2 2.16 0.055 0.77 

0.5 5.51 0.220 0.65 

0.75 7.9 0.422 0.60 

1.0 12.54 0.78 0.58 

1.5 17.65 1.23 0.55 

 

B.1 Mass flow rate experiments 
Mass flow rate experiments were conducted to obtain the liquid jet velocities corresponding to 

nozzle pressure. Experimental setups used in Chapter 2 were also used here. The liquid jet was 

created using 648 micron nozzle.  
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Figure 38 Mass flow rates of water-xanthan gum solutions 

Figure 38 clearly shows that with 648 micron nozzle the mass flow liquids with smaller 

consistency constant (0.1 and 0.2 percent) show cavitation between 4 to 6 gr/s. Similar results 

with other non-Newtonian liquids have also been reported in Chapter 2.  

B.2 Splash-deposition results 
The table below shows the splash thresholds of the water-xanthan gum solutions. Several 

experiments were carried out for individual liquids starting from low jet and surface speeds with 

continuous increase in small increments. Once splash of the liquid jet started we report it as 

splash threshold here. 
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Table 10 Splash thresholds for water-xanthan gum solutions 

Percentage of 

xanthan gum 

Jet velocity 

(m/s) 

Surface velocity 

(m/s) 

Resultant velocity 

(m/s) 

0.1 10.8 6.49 12.6 

0.2 10.3 6.91 12.4 

0.5 18.7 5.70 19.5 

0.75 20.3 6.59 21.3 

1.0 26.3 6.30 27.1 

1.5 31 6.20 31.8 
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