
ABSTRACT 

 

Begenir, Asli. The Role of Orifice Design in Hydroentanglement. (Under the direction 

of Dr. Behnam Pourdeyhimi)  

This research was devoted to study the role of the nozzle geometry in the 

characteristics of hydroentangling waterjets. Three different conventional sharp-edge 

nozzle geometries, so-called cone-up, cone-down and cylindrical, under different pressures 

below 3500psi were examined. To exploit aforementioned nozzles, a single-waterjet test 

stand capable of working under manifold pressures up to 5000 psi was designed and built.  

Profiles of the waterjets produced by each of these nozzles were visualized by using a 

Nikon D1x digital camera and a regular light. The breakup lengths and the spray angles of 

the waterjets were extracted from the captured images by utilizing image analysis 

techniques and were compared with each other under different operating conditions.  

It was revealed that the cone-up nozzle produces waterjets with considerably shorter 

intact lengths and slightly larger spray angles compared to the two other geometries 

considered. This distinct behavior was attributed to the cavitation-induced turbulence inside 

the cone-up nozzles. Discharge coefficients of the above nozzles were also measured 

versus injection pressures and showed a higher discharge coefficient for the cone-up nozzle 

compared to the others. The reason underlying these findings is attributed to the formation 

of the constricted waterjet in the cone-down and cylindrical nozzles.  
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1. INTRODUCTION 

The experimental study discussed here evaluates the characteristics of the waterjets 

injected through the hydroentangling nozzles. Waterjets with long breakup length are 

collimated beams of momentum. This peculiar characteristic has motivated the nonwoven 

industries to exploit the high-speed waterjets to develop a technique inspired, originally, by 

needle punching to entangle fibers in a loose web. Replacing the steel needles with 

energetic waterjets, it is possible to produce nonwoven fabrics with a production rate 

significantly higher than the old techniques.  

The core of the hydroentangling process is its high-velocity waterjets. In industrial 

applications, hydroentangling waterjets are issued from thin-plate strips having 40-50 

nozzles per inch. Efficiency of this process refers to the condition wherein the kinetic 

energy of the high-speed waterjet is transferred to the fibers in such a manner that the 

fiber-fiber entangling occurs all the way through the web thickness. This, of course, 

requires the waterjets to maintain their kinetic energy for a certain distance downstream of 

the nozzle. Thus, the hydroentangling nozzles have to be designed such that they allow the 

formation of high-intact length waterjets.  

Contrary to this requirement, waterjets are known to break up into spray 

somewhere downstream of the nozzle. Once the waterjet breaks up, its kinetic energy is 

divided between the fine droplets and therefore, disperses immediately. The waterjet in the 

diverged form will no longer be controllable and suitable for any hydroentanglement 

application. 
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Based on these considerations, it was the main goal of this research to study and 

reveal the relationships between the characteristics of the waterjet and the hydroentangling 

nozzles.  
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2. LITERATURE REVIEW 
 
 
2.1. Hydroentanglement 

 Hydroentanglement technology commercially in use since the early 1970’s exploits 

the high-speed waterjets to mechanically bond the fibers. As a result of the energy transfer 

from the high-pressure nozzle jets to the web, nonwovens that are absorbent, drape, soft-

handle, and strong are produced [1, 2]. These nozzle jets, usually arranged in multiple rows 

(see Fig.2.1), are .005-.007 inches in diameter and are spaced at a density of 30-60 jets per 

inch. The nozzle-jet diameter and nozzle spacing are selected to maximize the energy flow 

and impart desired qualities to the web [3, 4].  

 

 

 

 

 

 

Figure 2.1: Picture of the manifold 

 

The pressure applied to the web (supported on the drum or belt) depends only on 

the type of fibers and the web basis weight. Generally, the water pressure is increased 
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stepwise from the first to the last injectors so as to prevent fibers being flushed away at the 

very beginning stage. In normal conditions, the first manifold operates at a low pressure 

(approx. 700psi) while the other manifolds operate at higher pressures (up to 3800psi) [5]. 

Usually, hydroentangling is applied on both sides of the fiber web. A one-side treatment 

results in two uneven fabric surfaces.  

Because hydroentanglement utilizes high-pressure waterjets, the water used should 

be nearly neutral pH, low in metallic ions such as Ca, and contain no bacteria or other 

organic materials. Vacuums positioned directly under the supporting member remove the 

water from the entanglement site. The fabric is then dried in a conventional manner using 

steam cans or dryers. 

The design and the pattern of the fabric is a reflection of the support member 

through the entanglement zone. A fine mesh forming wire supporting the web produces a 

strong and non-apertured product with no wire mark. On the contrary, an apertured or 

textured nonwoven fabric is formed by using a high-knuckled forming wire [6].  

The characteristics of the hydroentangled fabrics that make them unique among 

nonwoven fabrics are mainly: 

- Soft, limp, flexible hand  
- Drape 
- Conformable and moldable 
- High bulk 
- Stretchable without thickness loss 
- High strength without binders 
- Delamination resistance 
- Low linting 
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- Pattern possibilities 

  Hydroentanglement is considered to be a highly versatile process since it can 

produce nonwovens with diversified end-use properties. This is achieved through utilizing 

a wide range of fibers and also because of the wide range of possible parameter 

adjustments. The common denominator among these products is that their web strength is 

created through entanglement or consolidation of fibers without the use of chemical 

binders or thermal bonding [4]. Even though the growth in hydroentangled materials over 

the past ten years has been led largely by an increased interest in disposable wiping 

products for household, and personal care, the application areas cover a wide range of 

product weights, from 20 to 500 g/m2. The versality of the hydroentangling process is seen 

as an advantage because this process can be used to combine conventionally formed webs 

with melt-blown, spunbond webs, paper, and other textiles in order to get a combination of 

properties that cannot be achieved by the use of a single web. For this reason, the 

opportunity for the product innovation with hydroentangling is essentially unlimited [7].  

            In general, the broad application areas of the hydroentangled fabrics include: 

- Wipes and towels  
- Medical sponges and dressings and closely related medical products such as 

surgical pad, surgical apparel, dressing, surgical bandages, surgical gauze fabrics, 
tissues 

- Disposable products including disposable sheets, pillowcases, tablecloths, 
napkins, baby nursery products, medical apparel 

- Durable products including interlinings, coated fabric backings, reinforced plastic 
components, mattress pad covers, and home-furnishing products.   

- Hygiene and personal care products such as female hygienic tampons.  
- Protective clothing (heat-resistant fabrics) 
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- Filtration and Coating substrates for synthetic leathers (for sports shoes, 
clothing, high quality handbags, suitcases, furniture, automotive trim and sports 
balls) and industrial products [8, 9].  

 

Additionally, within the following past years Dupont has focused its Sontara brand 

of hydroentangled material more on high tech areas such as wipes for the aerospace, clean 

room, automotive refinishing and printing industries. Freudenberg Nonwovens launched 

“Evolon”, which is the first continuous microfibers hydroentangled fabric, competing with 

woven and knitted fabrics as well as with staple fiber nonwovens by offering higher 

strength to weight ratios [10].  

 

2.2. General Review of the Breakup of a Nozzle Jet 

 Since the energy is delivered to the web by water jets produced by the nozzle, the 

nozzle characteristics play a critical role in the process. The jet’s ability to maintain its 

kinetic energy at a certain distance from the nozzle is the main requirement for an efficient 

hydroentanglement process. 

 It is a well-known fact that when the jet emerges from the nozzle into the ambient 

air, the aerodynamic forces immediately act at the boundary of the jet causing it to become 

unstable and to breakup at some distances downstream of the nozzle. The jet loses its 

cylindrical shape formed by the nozzle diameter as a result of the disturbances of the jet 

surface as well as by the aerodynamic forces. The air penetrates into the jet interior 

gradually at increasing distances from the nozzle exit causing the jet flow to become a 

mixture of drops of water and air. However, it is the unbroken, intact portion of the jet, 



 

 7

which produces the primary jet action when impacted on the target surface and determines 

the amount of energy imparted to the web affecting fiber entanglement completeness. Once 

the jet breaks up, its axial dynamic pressure and velocity decreases gradually as the 

distance downstream from the nozzle increases and it will be no more usable for the fiber 

entanglement [11]. 

The stability and disintegration behavior of liquid jets have been investigated 

extensively both theoretically and experimentally over years in many fields utilizing such 

jets.  These studies have established that the breakup properties of the nozzle jet are 

influenced by an unusually large number of parameters. These are mainly hydrodynamic 

forces (surface tension forces, internal forces, viscous forces and initial disturbances) in the 

liquid jet, aerodynamic interaction effects and nozzle internal flow effects resulting from 

cavitation and the flow separation inside the nozzle, jet velocity profile rearrangement 

effects and liquid turbulence at the nozzle exit [11-20].  

Rayleigh [21] was among the early classical investigators to study the 

disintegration of liquid jets and to show that the jet breakup is a result of hydrodynamic 

instability. He analyzed the behavior of low-speed, inviscid liquid jets under the influence 

of surface tension. He showed that a liquid jet disintegrates with respect to any 

axisymmetric -varicose surface instability whose wavelength is larger than the undisturbed 

jet circumference. His theory was based on the prediction of the breakup length of the 

liquid jet subject only to the surface tension forces and did not account for the actual, 

viscous, and turbulent liquid jets subject to ambient air interactions.  
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Later, Haenlein [22] used cylindrical shaped nozzles with different length-to-

diameter ratios and liquids with various viscosities. He identified the breakup mechanism 

of a liquid jet into different regimes in order to clarify the dominant forces acting on the jet 

responsible for the breakup. These regimes have been studied by various authors over the 

years, Hiroyasu et al. [39-45] being more recently. The generalized categorization of the 

breakup mechanism into four regimes on a log-to-log plot of Ohnesorge number versus 

Reynolds number is shown in Fig. 2.2.  

The dimensionless Ohnesorge number used herein is given as follows: 

( ) Re

5.0

5.0

We
d

Oh
OL

L ==
σρ
µ     

where 

Weber number 
σ
ρUdWe =  shows ratio of air friction forces to surface tension 

forces and determines velocity of the jet at which influence of air friction becomes 

important [22].  

Reynolds number 







=

L

OLL dU
µ

ρRe  represents the ratio of momentum forces to 

viscous drag forces and describes the nature of the emerging jet in terms of both velocity 

profile and magnitude of the radial velocity components [13, 19].  

U= velocity of the liquid jet (m/s) 

ρ= liquid density, kg/m3 (commonly used value 1000kg/m3) 

d= undisturbed jet diameter, m 
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σ=surface tension coefficient, kg/s2 (for any liquids it is of the order of 10-2N/m) 

µ=dynamic viscosity, kg/ms (varies from the order of 10-4 to the order of 1kg/ms) 

 

  

 

 

 

 

 

 

 

 
Figure 2.2: Modes of Disintegration in Dependence on Liquid 

Reynolds Number and Ohnesorge Number [27] 

 

1. Rayleigh jet breakup: Also defined as varicose or dilational breakup regime, at low 

velocities, the liquid jet breaks into drops with diameters larger than the undisturbed jet 

diameter. The small axisymmetric surface disturbances induced by only surface tension 

forces are responsible for the jet breakup [38]. Aerodynamic effects are not significant. 

In this region, it is accepted that the jet breakup occurs when the amplitude of the 

dominant surface disturbance wavelength reaches the value of the jet radius as 

predicted by Rayleigh and Weber (See Fig.2.3 (.a) and Fig.2.3 (.b)). 
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Figure 2.3: Modes of Jet Disintegration [14, 20, 26, 37] 

 

2. First wind-induced breakup: At intermediate Reynolds numbers as the jet velocity 

increases, the jet vibrates about its axis, having a sinuous appearance. The onset of the 

jet breakup is caused by the amplification of these regular axisymmetric distortions by 

the aerodynamic forces. The liquid jet disintegrates many jet diameters downstream of 

the nozzle into drops comparable to the jet diameter (see Fig.2.3.c).  

3. Second wind-induced breakup: The interaction between the liquid jet and the 

ambient air becomes significantly large. The disruption of the liquid jet takes place 

several diameters downstream of the nozzle due to the irregularities on the jet surface 

caused by the aerodynamic effects. The average drop diameters are less than the jet 

diameter (see Fig.2.3.d).  
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4. Atomization: At higher jet velocities, the breakup length tends to decrease since the jet 

completely disintegrates at the nozzle exit producing drops with average diameter 

much smaller than the jet diameter (see Fig.2.3.e).  

 

Jet breakup mechanisms have also been categorized as a function of the continuous 

portion of the liquid jet or unbroken, intact length of the jet so called breakup length versus 

jet exit velocity.  This relationship between jet breakup length and its velocity has been 

investigated by many authors and more recently modified by Hiroyasu et al.  And Arai et 

al. [39-45]. The generalized shape of the length-velocity curve shown in Fig. 2.4 

categorizes the jet breakup in different regions that reflect the action of different forces on 

the jet causing changes in its breakup [further references 22-37]. 

Point A on the curve shows the change from the drip flow to jet flow. Beyond this 

point, the breakup length increases linearly with increasing jet velocity in the laminar 

(smooth) flow region and reaches a maximum. In this region, the breakup of the liquid jet 

is due to the inertial and surface tension forces as predicted by Rayleigh and Weber. 
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Figure 2.4: Jet Stability Curve-General Aspect of the Relationship between Jet Velocity 
and Its Breakup Length in Ambient Atmosphere [45] 

 

According to Haenlein [22], Point B on the curve corresponds to the change in the 

breakup mechanism from varicose to sinuous breakup due to aerodynamic loading. Littaye 

[14] according to his results reported that the aerodynamic loading is not the only 

responsible factor for this point.  Other authors attributed this point to the onset of the 

liquid turbulence. It seems probable that both mechanisms work together in promoting the 

jet breakup. Based on this assumption, the point B indicates the turn of the flow from 

laminar, smooth flow to turbulent flow. The jet breakup length decreases with increasing 

jet velocity (increasing Reynolds number) [39-41].  
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The region after point C up to the peak of the curve is the complete turbulent flow 

region where interfacial forces such as shear forces around the jet become more significant 

on the turbulence of the liquid surface. In this region, the breakup length of the liquid jet 

and also the turbulence in the internal flow increases with increasing jet velocity [39-44].   

The shape of the stability curve has remained uncertain when the jet velocity is 

further increased beyond Point C. Even though the state of the liquid jet is agreed to be the 

spray flow, there has been different explanations about the breakup trend of the liquid jet 

with increasing Reynolds number in this region. Haenlein [22] reported that the jet 

breakup length increases with increasing jet velocity and then suddenly reduces to zero. 

However, Newman [49] and McCarthy and Molloy [14] showed that a continuous portion 

of the liquid jet exists in this region even if its velocity is very high. Hiroyasu et al. and 

Arai et al. [39-45], agreeing reported that even at very high liquid pressures, there exits an 

unbroken portion of the liquid.  The discrepancies between these works are attributed to 

the changes in the nozzle internal flow patterns caused by separation and cavitation 

phenomena. The influence of nozzle geometry effects will be explained in details in the 

following sessions.  

 

2.3. Effect of Jet Turbulence and Velocity Profile on the Disintegration of Liquid Jet 

It can be said that the flow inside the nozzle is generally affected by the nature of 

the flow preceding the nozzle, the disturbances close to the nozzle entry and within the 

nozzle. The combination of all these factors in addition to the Reynolds number will 

determine the nature of the flow at the nozzle exit.  Therefore, the jet emerging from the 
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nozzle is in either a laminar, semi-turbulent or turbulent state. When the liquid particles in 

the flow are parallel to each other and to the flow axis, it is defined as laminar flow. 

Laminar flow is known to have a fully developed parabolic velocity profile where the 

velocity at the outer layer is zero but reaches maximum at the flow axis. When the liquid 

particles have various transverse velocity components, the flow is turbulent known to have 

a flattened velocity profile [13].  

The disintegration of the liquid jet has been found to be strongly dependent on its 

turbulence and velocity profile at the nozzle exit. As suggested by Schweitzer and 

McCarthy et al. [13, 14] if the flow is laminar at the nozzle exit, there will be slight 

velocity difference between the jet outer layer and the ambient air since the velocity at the 

outer layer is zero. Aerodynamic forces will not affect the jet within this velocity 

distribution resulting in a considerably long breakup downstream of the nozzle exit. 

However, after a certain distance, the combined effects of air shear and surface tension 

forces create surface irregularities ultimately leading to the disruption of the liquid jet. On 

the other hand, if the flow at the nozzle exit is fully turbulent, the liquid jet soon 

disintegrates due to the turbulent-radial velocity components. In this case, even if the jet is 

injected into a vacuum, it will disintegrate under the influence of its own turbulence 

without the need of aerodynamic forces [26].  

If the jet is semi turbulent, the laminar sheet surrounding the turbulent core tends to 

prevent the turbulent liquid particles in the core reaching and disrupting the jet surface. 

Since the relative velocity between the jet surface and the surrounding air is minimum, the 

interfacial forces will not immediately lead to the break up close to the nozzle exit. 



 

 15

However, farther downstream, the turbulent core dominates the laminar sheet and a 

momentum transfer takes place between the laminar and radial velocity components of the 

flow resulting in flattened jet velocity profile. As a result of this energy redistribution 

within the jet, the radial velocity components disrupt the jet at the surface leading to the 

breakup [17].  

 As soon as the jet leaves the nozzle, the constraint of the nozzle wall is removed. A 

rearrangement in the cross-sectional velocity profile takes place ascribed to a momentum 

transfer between transverse layers within the jet. The redistribution of the kinetic energy 

leads to relaxation from parabolic velocity profile of the laminar flow into a flat profile at 

the same average velocity, giving rise to turbulent radial velocity components [18]. This 

change in the velocity profile is called velocity profile relaxation and it can contribute 

significantly to the irregular nature of the liquid jet irrespective of whether the flow within 

the nozzle is laminar or turbulent. In turbulent jets profile relaxation effects are minimal 

since they have flat exit velocity profiles. Therefore, along with relative motion of the jet 

induced by surface tension forces, this additional internal (relative) motion forces 

associated with profile relaxation contribute substantially to the irregular nature of the jet 

surface [12-14,38].  

As a brief summary, it can be concluded that the drag action of ambient air is the 

primary reason for the disintegration although the internal forces (liquid turbulence, inertial 

or those resulting from velocity profile relaxation and surface tension) are also important 

factors. Internal forces cause the jet to possess a highly irregular surface, thereby making it 

susceptible to the drag action of the ambient air. These forces lead to the jet disintegration 
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especially under conditions where aerodynamic forces are relatively small [14]. On the 

other hand, even if these internal forces are not significant, the liquid jet will break up at 

some distance downstream of the nozzle under the influence of air friction especially at 

high ambient pressures. The nature of the flow at the exit only determines the amount of 

time required by the ambient air to distort it [13, 26]. As may be imagined, a jet with more 

surface disturbances like turbulent jet will break up readily compared to a laminar jet. 

Alternative mechanisms for the disintegration of the liquid jet have been proposed 

by a various number of authors. For example, Schweitzer [13] suggested that the jet 

breakup process starts within the nozzle and it is strongly influenced by the turbulence 

generated in preceding pipe flow. Bergwerk [50] and Sadek [51] considered that liquid 

cavitation phenomena inside the nozzle could influence the disintegration process. Other 

authors, [12-14, 18, 38] have suggested that jet breakup is due to the velocity profile 

relaxation, which also accounts for the turbulence of the liquid. It is suggested that the 

liquid supply pressure vibrations may have an effect on the jet disintegration.  Reitz and 

Bracco [17,52] identified liquid supply pressure vibrations, cavitation inside the nozzle, 

liquid turbulence, non-uniform liquid jet exit velocity profile and viscous boundary layer 

adjustment (the viscous layer transforms from a wall layer to a free layer after it exits the 

nozzle) as possible responsible mechanisms for the jet breakup. They emphasized that no 

single mechanism is responsible for jet breakup; in all cases, a combination of factors is 

involved including the importance of nozzle geometry effects. They suggested that the 

nozzle geometry such as details of the entrance of the nozzle, nozzle design and nozzle 
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imperfections, could be the reasons to supply different initial disturbance to the flow 

drawing attention to the nozzle geometry effects [19].  

Based on the discussions above, it can be concluded that these various proposed jet 

disintegration theories show that aerodynamic effects, instabilities present at the nozzle 

exit due to liquid turbulence, jet velocity profile rearrangement effects and liquid supply 

pressure vibrations cannot alone explain the breakup mechanism of the jet [16]. However, 

a mechanism that combines liquid-air aerodynamic interaction with nozzle geometry 

effects is believed to help better understanding of the disintegration phenomena of the 

nozzle jet. 

 

2.4. Effect of Ambient Air Pressure on the Breakup Length  

The effect of ambient air pressure or density on the breakup length of the nozzle jet 

has been investigated by various authors over the years. More recently, in a series of works 

done by Hiroyasu et al., Arai et al. and Tamaki et al. [39-48], it is reported that, increasing 

ambient pressure (ambient density) results in shortening breakup length (larger spray 

angle) in the spray flow region as shown in Fig.2.5. 

As shown in Fig. 2.5, when ambient pressure is increased such that the interfacial 

force between the jet and its environment is augmented, the breakup length behavior 

changes in that it becomes shorter with increasing ambient pressures. 
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Figure 2.5: Effect of Ambient Pressure on the Breakup Length (For Sharp and Round 

Edged Nozzles) [39] 

 

The influence of high ambient pressure on the breakup length grows with 

increasing jet velocity i.e. increasing ambient pressure doesn’t have a large control on the 

breakup length in laminar flow region but highly effective in turbulent and spray flow 

regions. Independent of the ambient pressure, the breakup length versus injection velocity 

curve exhibits the same trend. The breakup length increases with increasing velocities in 

turbulent flow region until it reaches the maximum and decreases in the spray flow region 

with further increasing velocities until it reaches a constant [39-48].  

The possible reasons for shortening breakup length with increasing ambient 

pressure may be explained as follows. When the interfacial force between the jet and the 

surroundings is small such as in atmospheric conditions, the jet does not develop into a 
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spray even if the injection velocity is very high. This is attributed to the absence of strong 

initial disturbance in the internal nozzle flow since bubbles formed by the cavitation (this 

phenomenon will be explained in details in further sections) are easily released from the 

nozzle to the ambient air owing to nearly equal pressures inside the nozzle and its 

environment. Therefore, even if the injection velocity is high, a further disturbance as a 

result of the cavitation in the nozzle does not take place. But, on the other hand, with 

increasing ambient pressures, the pressure difference between the nozzle inside and the 

surrounding becomes considerably large making the cavitation bubbles release from the 

nozzle difficult.  Therefore, drastically strong initial disturbance caused by the collapse of 

the cavities remained inside the nozzle acts on the internal liquid flow. This strong initial 

disturbance is amplified by the shear stress between the jet and the environment promoting 

the disintegration of the liquid jet and shortening the breakup length [43-48].  

 

2.5. Effect of Nozzle Geometry on the Breakup Length 

As mentioned earlier, jet disintegration theories projected over the years in a 

number of fields conclude that aerodynamic effects, instabilities present at the nozzle exit 

due to liquid turbulence, jet velocity profile rearrangement effects, cavitation inside the 

nozzle, and liquid supply pressure vibrations are not sufficient alone to explain the breakup 

phenomenon of the nozzle jet. It has been emphasized that no single mechanism is 

responsible for the jet disintegration; in all cases a combination of factors should be 

considered. Hence, the nozzle geometry effects should be given of considerable 

importance in the efforts of understanding the disintegration behavior of the liquid jet. 
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The major requirement for a hydroentanglement nozzle is that it transforms 

potential energy of the fluid flow to kinetic energy efficiently which is transferred to the 

fibers for entanglement [12, 14]. Therefore, nozzle geometry that includes the area of the 

nozzle, details of the entrance of the nozzle, the length-to-diameter ratio (aspect ratio) and 

the surface quality in addition to the Reynolds number of the flow has been found to have 

an important effect on the compactness of the jet, the size of its intact length and the 

injection velocity [18].  

According to the Bernoulli equation, for any nozzle shape 

FRDST FPPP ++=   

where PT is total pressure, PS is static jet pressure, PD is dynamic jet pressure and 

FFR  is friction pressure losses. 

The dynamic pressure is low at the nozzle entrance since the fluid velocity is low in 

the supply channel preceding the nozzle whereas the static pressure is maximum. As the 

liquid flow enters the nozzle, due to the reduction in the cross-sectional flow area, a 

transition from the static pressure (potential energy) to dynamic pressure (kinetic energy) 

takes place and this transition depends on the nozzle geometry [12].  

The pressure losses seen in the equation above are ascribed to the development of 

shear stresses from the interaction of the nozzle inner wall surface with the fluid as well as 

the turbulent wake or cavitation at the nozzle entrance. The intensity of the wall friction is 

assumed to be controlled by the length-to-diameter ratio of the nozzle and Reynolds 
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number of the flow. The turbulence caused by these pressure drops results in surface 

disturbances that lead to the breakup of the liquid jet [14, 45].  

 

2.5.1. Effect of Nozzle Diameter and L/D Ratio on the Breakup Length 
 

The effect of the nozzle diameter and the length-to-diameter (aspect ratio) has been 

investigated by various authors. Recently, Reitz and Bracco [17] reported that under the 

same operating conditions, when the internal geometry of the nozzles having the same exit 

diameter differs, the jet breakup length behavior changes revealing the fact that the details 

of the flow field within the nozzle greatly influences the jet breakup process.  

Arai et al. [40-42] investigated the breakup length behavior of the liquid jet for 

different sharp-edged nozzle diameters and L/d ratios under the same operating conditions 

in atmospheric environment. As shown in Fig. 2.6, the breakup length versus injection 

velocity curve shows the same trend for different nozzle diameters in that the breakup 

length increases with increasing jet velocity in the turbulent region up to a maximum value 

and then decreases with increasing velocity until it reaches certain velocity where the 

discontinuous elongation of the breakup length takes place. 
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Figure 2.6: Breakup Behavior of the Liquid Jet for Different Nozzle Diameters under 
Atmospheric Conditions [40, 41] 

 

However, this region where the breakup length shows irregular transformation 

differs for different nozzle diameters (D>0.3mm) (see Fig. 2.6). On the contrary, the 

hysteresis phenomenon of the breakup length for various nozzle diameters is not observed 

under high ambient pressures or density. 

Arai et al. and Hiroyasu et al. [39-44] showed that the breakup length for sharp-

edged nozzles versus the jet velocity curve also follows the same trend for different nozzle 

aspect ratios under atmospheric conditions as explained above. However, the absolute 

length of the breakup significantly differs depending on the length-to-diameter ratios (see 

Fig. 2.7).  
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Figure 2.7: Breakup Behavior of the Liquid Jet for Different Nozzle Length-To-Diameter 
Ratios under Atmospheric Conditions [39] 

 

It is accepted that the breakup lengths produced by the nozzles with bigger l/d 

value is shorter than those produced by the nozzles with relatively small l/d values. This is 

attributed to the reason that when the nozzle length is very long, the separation of the flow 

is has enough nozzle length to recover and thus the flow reattaches to the nozzle wall. Thus 

additional disturbance caused by the frictional forces between the liquid jet and the nozzle 

inner walls acts on the internal flow promoting its disintegration. With small l/d ratios, the 

reattachment does not usually occur after contraction since the nozzle wall length after 

constriction is very short and thus the flow does not experience disturbances due to wall 

friction [53]. 

However, the breakup length produced from the nozzle with l/d ratio=50 is longer 

than that of the nozzles with smaller aspect ratios in the spray region (see Fig. 2.7). This 
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discrepancy was attributed to differences in the nature of the flow and shape of its velocity 

profile at the nozzle exit. It was considered that, when the aspect ratio is very large, the 

strong turbulence in the liquid jet caused by the separated flow and cavitation at the nozzle 

entrance may be reduced thus changing the nature of the flow at the nozzle exit to more 

stable in nature. On the contrary, when the nozzle length is short, turbulence in the internal 

nozzle flow is not completely developed resulting in unstable flow in nature at the nozzle 

exit with a shorter breakup length [44-47].   

As a conclusion, the length-to-diameter ratio of the nozzle and the Reynolds 

number of the flow control the intensity of the wall friction after reattachment of the 

detached flow [41].  

 

2.5.2. Effect of Cavitation and Nozzle Entrance on the Breakup Length 

Cavitation phenomenon can be defined as the formation of vapor bubbles in a fluid. 

In the inlet region of the sharp-edge nozzles, a low local pressure region may form in the 

separated region between the boundary layer of the jet and the nozzle interior walls due to 

high-speed flow. If the local pressure is below the vapor pressure of the jet, dissolved air 

will be released from the liquid or vapor bubbles will form causing cavitation. Cavitation 

effect may change the density and viscosity of the flow resulting in variations in the rate of 

flow. If cavitation bubbles collapse on nozzle surface, they may cause locally high stress on 

nozzle surface that may be three to four times higher than the jet pressure causing severe 

erosion of the nozzle surface [54-57].  
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A number of investigations on the shape of the nozzle entrance and the flow 

separation within the nozzles have been carried out. Nurick [58] reported that cavitation 

occurs in a sharp-edged nozzle leading to either flow separation from the nozzle wall or the 

reattachment of the flow to the wall, depending on the nozzle L/D ratio and the flow 

conditions. Farrell [59] et al. investigated sharp and round-edged nozzles and argued that 

sharp-edged nozzles have lower discharge coefficients compared to round-edged nozzles 

due to the cavitation phenomenon. Reitz and Bracco [17] discussed that cavitation 

phenomenon depends on the nozzle geometry and may be responsible for the jet breakup 

mechanism in addition to the aerodynamic effects since they observed that detached, 

cavitation free jets were more stable.  

In a series of more recent studies, Hiroyasu et al., Arai et al. and Tamaki et al. [39-

48] concluded that the existence of the strong disturbance in the nozzle flow caused by the 

cavitation contributes greatly on the disintegration behavior of the liquid jet. It is observed 

that in the absence of cavitation, in spite of the high injection pressures and the strong 

interfacial force caused by the high-speed jet, the liquid does not disintegrate and the 

breakup length becomes long. This is attributed to the absence of initial surface 

disturbances that could be amplified by the air shear stresses. On the other hand, when 

cavitation takes place in the nozzle, the disintegration is considerably promoted, the spray 

angle becomes large and the breakup length shortens. They suggested that the flow 

behavior inside the nozzle hole depends strongly on whether cavitation takes place or not 

and the occurrence of cavitation promotes the disintegration. It can be also concluded that 
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the spray angle of the flow greatly changes around the conditions where cavitation starts to 

be noticeable.  

The intensity of the cavitation is strongly dependent on the nozzle geometry at the 

entrance and the injection velocity. For this reason, it may be concluded that the breakup 

length shows different behaviors with different nozzle geometries [41-43]. As cavitation is 

related to sharp corners, which create regions of high liquid velocity and low static 

pressure; it can be reduced to some extent by replacing sharp corner at the entry of the 

nozzle with rounded-edge nozzle. It is a generally accepted fact that, the sharper the corner 

of the nozzle entrance, the more likely cavitation is to occur as a result of the separation of 

the flow at the nozzle entrance. This phenomenon known as vena-contracta is a result of 

the inability of the fluid to turn 90 degrees sudden turn as shown in Fig. 2.8 and a function 

of the nozzle geometry. Liquid jet contracts after turning the nozzle inlet corner for some 

distance until it attains a nearly constant diameter smaller than the cross-sectional area of 

the nozzle. Therefore, the water is not in contact with nozzle interior wall but with ambient 

air. In the case of a rounded nozzle, this phenomenon is not existent. Thus, the rounded-

edged nozzles are accepted to be non-cavitating nozzles [further references 54-57, 60-62].  
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Figure 2.8: Vena Contracta 

 

 

Hiroyasu et al. and Arai et al. [41,45] in a series of publications, investigated the 

breakup length of the liquid jet injected from sharp-edged and round edged nozzles under 

the same operating conditions in order to reveal the influence of the nozzle entrance on the 

jet breakup length behavior. As shown in the Fig. 2.9, the breakup length produced by the 

sharp-edged nozzle is shorter than that produced by the round-edged nozzle up to a certain 

value of injection velocity.  
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Figure 2.9: Breakup Lengths of Constricted (Sharp-Edged Nozzle) and Nonconstricted 
(Round-Edged Nozzle) Jets [43] 

 

After this certain value, the breakup length discontinuously elongates and a smooth 

jet instead of spray jet is observed. When the injection velocity is reduced after the 

transition, the breakup length decreases but is still longer than that before the transition. 

The breakup length produced by the rounded-edged nozzle increases smoothly with the 

increasing velocity but after the transition, it is shorter than that of sharp-edged nozzle and 

no discontinuous change exits for the breakup process of this nozzle.  

The discontinuous change of breakup length observed with the sharp-edged nozzle 

is attributed to the cavitation phenomenon that takes place inside the nozzle (See Fig.2.10).  
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Figure 2.10: Schematic Appearances of the Liquid Jet [45] 

 

It is concluded that increasing injection velocities results in the formation of 

cavitation and a contracted flow at the entrance of the nozzle as shown in Fig. 2.10(e). This 

cavitation generates an abrupt and drastic reduction in the jet diameter with strong 

turbulence and surface disturbances in the internal flow of the jet. In this case, the region 

between the separated flow and the nozzle walls is filled with cavitation bubbles or vapor 

[56-58]. The turbulence generated by the cavitation increases with increasing velocities 

especially if the cavitation bubbles collapse in the nozzle [46-48]. When the jet reattaches 

to the nozzle wall at some distance down the entrance, an additional disturbance, wall 

shear, acts on the jet as shown in Fig.2.10 (d) [41-44]. Interfacial forces amplify the strong 
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disturbance and the jet disintegrates quickly in spray form resulting in shorter breakup 

length. 

With increasing velocity, the reattachment point of the separated flow caused by 

the cavitation moves towards the nozzle exit and moves up and down at the vicinity of the 

nozzle exit resulting in a discontinuous elongation of the jet breakup length. It was 

concluded that the closer the reattachment point comes to the nozzle exit, the shorter the 

breakup length is [44, 55]. But, with further increasing jet velocity, the cavitation becomes 

strong enough to prevent a separated flow expanding and reattaching to the wall. 

Therefore, it occupies a fixed fraction of the nozzle cross-sectional area resulting in 

constricted jet formation also known as hydraulic flip as shown in Fig.2.10 (e) in which the 

surface of the flow is detached from the nozzle entrance and no reattachment is observed. 

In this situation, since the water jet is separated from the nozzle interior walls and the gap 

between the jet and the nozzle walls is filled with the ambient air instead of cavitation 

vapor or bubbles, the contracted jet is free from the cavitation and nozzle inner wall effect. 

The breakup length elongates since there is no surface disturbance that can be amplified by 

the strong interfacial force around the high-speed jet. The surface of the liquid jet is very 

smooth as if it is laminar flow in nature when hydraulic flip takes place [39-65].  

With the round-edged nozzle, since the nozzle entrance is rounded, it may be 

concluded that cavitation does not take place inside the nozzle. Therefore, a strong 

turbulence due to the collapse of the cavitation bubbles does not exist in the nozzle. 

However, since the flow does not separate from the nozzle inner wall, the internal flow 

becomes always subject to the wall friction as shown in Fig. 2.10 (b) and its turbulence 
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increases with increasing injection velocity. As a result, the surface of the jet exiting the 

nozzle has a slight disturbance that could be amplified by the interfacial force compared to 

strong turbulence generated by the cavitation inside the sharp-edge nozzle. This is 

considered to be the reason for why the breakup length of the liquid flow is longer than 

that of produced by the sharp-edged nozzle before the transition. After the transition, i.e. 

when the cavitation becomes such strong inside the sharp-edge nozzle that hydraulic flip 

takes place, the breakup length of the sharp-edged nozzle is significantly longer than that 

of rounded-edged nozzle [46-53].  
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3. EXPERIMENTAL SETUP AND APPARATUS 

3.1. Research Objectives 

This research was devised to investigate the role of nozzle geometry in 

performance and quality of the hydroentangling waterjets. In order to achieve this main 

goal, following objectives were realized:  

- Design & set up of the experimental test device to produce high-pressure waterjets 

similar to industrial units. 

- Explore methods to visualize waterjets. 

- Run a series of experiments to investigate the waterjet characteristics downstream 

of the nozzle exit as a function of:   

o Different nozzle geometries  

o Various water pressures 

 

 The characteristics of the waterjet studied are: 

o Breakup length of waterjet 

o Discharge coefficient (energy transfer) 

o Spray Angle 

3.2. Design of Experiments 

The key points in our experimental approach were the design of the experimental 

nozzles and utilization of the single-waterjet experimental test stand. The test stand allows 

for employing the devised nozzles under conditions that resemble hydroentangling 
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machines. Moreover, one other main consideration was the development of the 

photographic tools for capturing the waterjet breakup length, spray angle, and its profile 

along with their techniques. 

The experimental plan was to run this single-waterjet test stand with different 

nozzle geometries of varying water pressures under atmospheric conditions and then to 

compare the results gathered from these experiments. Each nozzle was run under pressures 

ranging from 200-3500PSI to observe the effect of manifold pressure on hydroentangling 

waterjet performance. Data collected from different nozzles under different pressures were 

compared to recognize the existence of possible similarities or differences among the 

waterjet behavior. The main aim of this comparison was to find the optimum nozzle 

geometry for hydroentangling applications. Since all the nozzles were run under constant 

conditions, any difference seen in the behavior of the waterjet was attributed to the 

difference in the nozzles. 

Images of the waterjet were captured by a NikonD1x digital camera and a regular 

light (See Section 3.4). These images were analyzed by using image analysis software to 

extract the various parameters of the waterjet such as its breakup-intact length, spray angle, 

and its profile. 

The variable and constant parameters defining the experiments are shown in Table 

3.1. 
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Table 3.1: Variable and Constant Parameters 

PARAMETERS Constant Variable 
Nozzle Parameters   

Nozzle Geometry  
- Cylindrical 
- Cone-down 
- Cone-up 

Test Stand System Settings   
Water Pressure  200-3500PSI 
Water Temperature Room Temperature  

 

 
3.3. Design of Nozzles 

Mainly three different nozzle geometries, cone-up, cone-down, and cylindrical 

nozzles were utilized throughout the experiments. The main idea behind using these 

different geometry nozzles was to see the effects of the nozzle internal flow on the 

waterjets’ performance. Schematics of the nozzles used in this study are shown in Fig.3.1. 

and the specifications of the nozzles are given in Table 3.2.   
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Figure 3.1: (a) Nozzle Parameters, (b) Cylindrical Nozzle, (c) Cone-down Nozzle and (d) 

Cone-up Nozzle 
 
 

Table 3.2: Nozzles Specifications 

 
Nozzles Specifications 
Nozzle Material 316 Stainless Steel 
Nozzle Geometry Cylindrical  Cone down  Cone-up 
Capillary Diameter (d) 0.131mm 0.128mm 0.128mm 
Capillary Length (l) 1mm 0.128mm 0.128mm 
Outlet Diameter (D) 0.131mm 0.3mm 0.3mm 
Cone Length - 0.872mm 0.872mm 
Nozzle Length 1mm 1mm 1mm 
Nozzle Inlet Roundness (r/d) 0.04 0.04 0.04 
Aspect Ratio (l/d) 7.84 1 1 

 

The dimensions given in Table 3.2 are within the range of actual nozzles used in 

industrial hydroentanglement applications. The cone-down nozzle configuration is 

believed to generate a constricted waterjet whereas its counterpart (cone-up nozzle) results 

Ø 0.128± .002 mm 

Ø 0.3± .002 mm 0.2a 
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1mm 
W t j
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in cavitating flow. With the cylindrical nozzle configuration, cone section was eliminated 

to investigate the possibility of reducing nozzle spacing on the jet strip.  

 

3.4. Experimental Apparatus 

 In order to conduct an in-depth observation of the hydroentangling waterjets with 

regard to their nozzles, a single-waterjet test stand (See Fig.3.3) capable of operating under 

pressures up to 400 bars (5000PSI) producing waterjets with velocities up to 280 m/s was 

designed and built. The equipment consists mainly of a two-stage filtration system, a high-

pressure pump system, a pressure vessel, a digital camera and a regular light source for 

taking the pictures of the breakup behavior of the liquid jet. City water is pressurized by 

the high-pressure pump and directed into the pressure vessel by tubing connection.  
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Figure 3.2: Schematic of Experimental Apparatus  

 

3.4.1. Experimental Apparatus Design Considerations 

 Design of a high-pressure system having a small nozzle output requires many 

considerations. As mentioned earlier, the jet hydrodynamic behavior is influenced by 

properties of the flow in the feeding system. A system of feeding channels may include a 

pipeline with bends, angles, valves, and etc. from the water supply to the nozzle. The flow 

turns, expands and contracts many times when flowing through the feeding channels and 

passing through various obstacles like valves. Each of these elements can increase the 

degree of turbulence in the flow. However, the ideal upstream conditions should be as 

close to laminar flow conditions as possible since this type of flow is highly structured and 
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absent of disturbances. Therefore, the number of such fitting elements was kept as limited 

as possible. 

3.4.2. Component Selections 

3.4.2.1. Filtration System 

 In order to remove the impurities in city water, a two-stage water filtration system, 

1.4 GPM, maximum 150 psig, was mounted prior to the pump inlet. For the first stage 

filtration a 20-micron (nominal) cartridge and for the second stage a 1-micron (nominal) 

cartridge was used. 

3.4.2.2. High-pressure Pump and Safety Considerations 

 In order to pressurize the city water, a belt-driven CAT triplex-plunger type pump 

having a pressure range of 100-5000 psi with the maximum flow rate of 1.4gpm was 

chosen.  

The pump is equipped with a pulsation dampener that has a maximum allowable 

pressure of 7200 psi. It is capable of reducing the pulsations in the water flow down to 

+3%. To allow monitoring the system pressure and enhancing system safety, a pressure 

gauge with pressure range of 0-6000psi and accuracy of +1-3% was installed near the 

pump’s discharge outlet. 

 For safety considerations, a primary safety relief valve was installed on the 

discharge line in the pump system to provide optimum protection for the pump and the 

experimental apparatus. The function of this primary relief valve is to protect the pump 

from over pressurization that can be caused by the plugged discharge line. Over 
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pressurization can severely damage the pump and other apparatus components. This valve 

was selected in accordance with the flow and pressure requirements of the pump system, 

and for this reason it has a pressure range of 400-5000psi. 

 The secondary relief valve was installed on the discharge line of the pump system 

between the nozzle pressure vessel and the pump. This valve is installed so as provide 

pressure relief of the system in case the primary safety valve fails to function. It was also 

designed as an unloader or regulator device that allows the adjustment of the water 

pressure. The pressure setting is increased by turning this valve in a clockwise direction 

and decreased by turning counterclockwise in small increments. The by-pass from the 

relief valve is discharged to the drain on the floor. 

3.4.2.3. Connection of the Pump to the Pressure Vessel 

 The connection between the CAT pump system and the pressure vessel was 

established by 3/8” stainless steel tubing that can handle water pressures up to 7200psi.  

Tubing connection is preferred to the piping connection since it can handle higher water 

pressures and is a stronger connection when compared to the welding type of connection 

used for piping. 

3.4.2.4. Pressure Vessel 

 In order to provide the nozzle with a relatively uniform flow, the upstream 

flow conditions should be as close to laminar flow conditions as possible. The presence of 

bends or elbows near the entry to the nozzle, surface finish of the piping, any non-

symmetric flow passage geometry, and the size of the pipe leading to the nozzle affect the 
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laminarity of this flow. The ideal upstream conditions include a large diameter feed pipe 

relative to the nozzle diameter to prevent any non-uniformities in the flow.  

In order to satisfy the above-mentioned conditions, the material and the size of the 

piping components preceding the nozzle are determined by calculating the required wall 

thickness for the pipe system by Barlow’s formula. This formula is commonly used to 

determine the internal pressure of the given pipe system at minimum yield. 

This formula is expressed as 
D
StP 2

=  where 

P = Working pressure, psi 

t = Nominal wall thickness, inch 

D= Outside diameter of the pipe, inch 

S = Allowable stress, psi, which depends on the determined pressure 

We have considered a safety factor of 1.5 for this design. According to the equation 

above; the required thickness for the pipe is 

P=5000PSI 

D=2.375 inch 

The safety factor= 1.5 

For Austenitic 316 type of stainless steel 

S=205*145.04=29733.2PSI (from TABLE 1) and thus 

T= (2.375*5000*1.5)/ (2*29733.2) =0.047inch 
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Based on this formula, SCH XX 316 stainless steel piping with a nominal size of 2 

inches was selected. The properties of the 316 stainless steel and the specifications of the 

2” nominal pipe are shown in Table 3.3 and Table 3.4, respectively. 

Table 3.3:316 Stainless Steel properties 

 
UNS 

Number 
Grade Condition Tensile 

Strength, Ksi 
Min 
MPa 

Yield 
Strength, Ksi 

Min 
MPa

S31600 316 Annealed 75 515 30 205 

 

Table 3.4: Comparison of different schedule stainless steel 

 
Nominal Pipe 
size, in 

Outside 
diameter, 
in 

Schedule 
no 

Wall 
thickness, 
in 

Inside 
diameter, in 

5S .065 2.245 
10S .109 2.157 
40ST, 40S .154 2.067 
80XS, 80S .218 1.939 
160 .344 1.687 

 
 
 
2 

 
 
 

2.375 

XX .436 1.503 

 

 Since disassembly is contemplated, flanges have been used preceding the nozzle. 

For this purpose Class 2500lb, flat face flange was selected based on calculations and 

industrial suggestions since it provides joints as strong as the pipe under all types of static 

and cycling loading. The specifications of Class 2500 steel flanges for 2” nominal pipe size 

are as shown in Table 3.5.In order to prevent water leakage, a couple of O-rings have been 

placed between the flanges. 
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Table 3.5: Class 2500lb Flange Properties 

 
Nominal 
Pipe size, 
in 

Outside 
diameter of 
flange, in 

Thickness of 
flange, 
minimum, in 

Diameter of 
bolt circle, in 

Diameter 
of bolts, in 

Number 
of bolts 

2 9.25 2.00 6.75 1 8 
 

All the components and the pipes in the piping system have been connected to each 

other by means of welding. The pressure vessel was mounted to an 80/20 metal frame (the 

height of this metal frame was designed with considerations for mounting photographic 

equipment.  

The picture of the pressure vessel is shown in Fig.3.3 and the technical drawings 

are given in Appendix. 
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Figure 3.3: The pressure vessel  
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3.5. Imaging System 

The profile and the breakup length of the waterjets issued from the aforementioned 

nozzles were visualized by a Nikon D1x digital camera and a regular light. The waterjet 

was lighted from the front, and the camera was positioned at a 45°-angle with respect to 

the light at a certain distance far from the test stand. The speed of the digital camera was 

not found to be sufficiently high enough to visualize the detailed mechanism of the high-

speed waterjets, i.e. exact breakup point. However, by overexposing the images we were 

able to observe and compare the appearance of the waterjets issued from the nozzles. To 

provide proper exposure of the images needed for the correct recognition of the spray 

onset, some factors essential in taking images were considered. These factors, determining 

the quality of the waterjet images, are covered in the following subsections. 

 

3.5.1. Light  

 Digital cameras take images by transferring the light reflected from the subject and 

its surroundings by the lens onto the image sensor (CCD) for a set duration of time. A 

CCD is an array of individual light sensitive cells. The total number of these light sensitive 

cells used in the X and Y directions of the CCD is known to represent the resolution of the 

camera. Thus, the images formed by our Nikon D1x camera will have a total number of 

3008 pixels (smallest picture elements) in the X direction and a total number of 1960 

pixels in the Y direction amounting to a resolution of 3008 x 1960 i.e. 5.47 million pixels.  
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 Each of these cells is light sensitive so when the lens focuses the subject on the 

image sensor, each cell produces a voltage proportional to the intensity of light striking it 

and sends it to an A/D (analog to digital converter). The voltage from each cell here is 

uniformly scaled depending on the resolution or bit-depth of the converter that may have 8 

bits, 10 bits, or 12 bits. If the A/D is a 12bit A/D like the one in our camera, then each cell 

voltage is separated into 4096 levels (212). It should be noted here that the bit-depth of the 

A/D converter determines the image quality since the higher the bit-depth, the more 

separation of the light intensity hitting each cell and thus the smoother variations in the 

light density. This scaled integer (0 or1) value is then sent to the memory of the camera 

thereby forming the image. 

 Since the image is dependent on the light, i.e., the amount and the position of the 

light directed onto the subject; the light condition is a critical parameter when taking 

images. Images shown in Fig.3.4 are some examples emphasizing the importance of the 

position of the light directed on the subject, which in our case is the waterjet. When the 

camera and the light are positioned at a 90º- angle with respect to each other (see Fig. 3.4 

(a)), the jet surface is not evenly illuminated through the captured length.  On the contrary, 

a uniform lighting is achieved when the camera and light are positioned at a 45º -angle 

with respect to each other (see Fig.3.4 (b)). 
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Figure 3.4: The waterjet images produced by the cone-down nozzle configuration at 
2000psi; (a) the camera and light are positioned at a 90º-angle with respect to each other 
(b) the camera and light are positioned at a 45º-angle with respect to each other 

 
 

3.5.2. Film Speed (sensitivity-ISO) 

In general, the film speed or ISO value is a measurement of the film’s (in digital 

imaging the image sensor) sensitivity to the light i.e., it indicates how quickly the sensor 

reacts to light. The film speed is expressed by a number that appears after the letters ISO 

such as ISO125. The higher the ISO number, the faster the sensor reacts to light or the 

more sensitive the sensor is to light. Therefore, a lower ISO (e.g., 200) requires more light 

to form the same image than a higher ISO (e.g., 400). Or a higher ISO (e.g., 400) reacts 

twice as fast to the same light as a lower ISO (e.g., 200).  

(a)                      (b) 
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 Since as the film speed increases, the film becomes more sensitive to the light or 

reacts faster, the amount of the light needed to assure a proper-exposed image becomes 

less. Thus, a faster film requires either a faster shutter speed or a smaller f value (larger 

aperture) than a slower film for correct exposure.  

 

 

        

 

 

 

 

 

 

Figure 3.5: The waterjet images produced by the cone-down nozzle configuration at 
1500psi, F7.1 and shutter speed at 6s; (a) ISO 125, (b) ISO 250, (c) ISO 500 and (d) ISO 
800 

 

 The effect of the sensor sensitivity in taking images of the waterjet is shown in 

Fig.3.5. With increasing sensitivity, all other conditions remaining constant (aperture value 

set at F7.1, shutter speed at 6s) the image is overexposed since the sensor receives too 

much light (see Fig.3.5.a and Fig.3.5.d).  

                   (a)             (b)             (c)              (d) 
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 One major disadvantage of the higher sensitivity is that, as the sensitivity increases 

the image becomes grainier (more noise) and less sharp. This is because as the sensitivity 

of the CCD cell is increased, the camera’s noise level will increase. If the S/N ratio (ratio 

of the measured signal to noise level) is not high enough, with increasing sensitivity the 

noise level will start to overlap the measured signal level resulting in a grainier image. 

 The overlapping noise level is noticeable in Fig.3.6, which shows the images of the 

waterjet before the breakup. The dark background becomes lighter and grainier with 

increasing sensitivity in addition to the loss of sharpness in the jet boundaries.   

Figure 3.6: The unbroken section of the waterjet images produced by the cone-down 
nozzle configuration at 1500psi, F7.1 and shutter speed at 6s; (a) ISO 125, (b) ISO 
250, (c) ISO 500 and (d) ISO 800 

 
 

  Fig. 3.7 shows the images of the waterjet, which is already broken up and in spray 

form. An increase in the loss of fine details around the spray boundary is observed with 

increasing sensitivity. Therefore, a value of ISO 125, which provides an enhanced contrast 

             (a)                        (b)                    (c)                    (d) 
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between the image background and the waterjet and minimizes the above mentioned noise 

problems, was found to be appropriate for our experimental applications. 

 

 

 

 

 

 

Figure 3.7: The spray boundary of the waterjet images produced by the cone-down nozzle 
configuration at 1500psi, F7.1 and shutter speed at 6s; (a) ISO 125, (b) ISO 250, (c) ISO 
500 and (d) ISO 800 

 

3.5.3. Aperture 

 In taking images, to provide optimum exposure, it is important that the sensor gets 

the correct amount of the light in a given period of time. The amount of the light reaching 

the image sensor is controlled by the two mechanisms of the camera: the aperture and the 

shutter speed. The aperture explained in this part, is also known as the diaphragm or lens 

opening. The size of the aperture opening (aperture value) is represented by F-stops or F-

number and can be shown in several ways such as f/8, F8, 1:8, each meaning the same.  

 (a)              (b)             (c)             (d) 
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Figure 3.8: (a) large aperture (small f-number) and (b) small aperture (larger f-number) 

 

The correlation between the amount of light and magnitude of the f-stop number is 

an inverse relationship. That is, the smaller the f-stop number, the larger the opening for 

light to enter is (see Fig.3.8), therefore, the greater the amount of light in a given period of 

time yielding a lighter image (see Fig.3.9). Each F-stop is assigned to let in twice as much 

light as the next smaller F-stop, and half as much light as the next larger one. F8 therefore, 

allows twice as much light through the lens as F10 does and half as much as F6.3 does (see 

Fig.3.9.e, f and g).  

Images shown in Fig.3.9 show how the exposure of the waterjet image is affected 

by changing the size of the aperture opening (F-number). As the size of the aperture 

opening gets smaller (increasing F-number), all other settings remaining constant (sensor 

sensitivity set at a value of ISO125 and shutter speed at 6s), the image becomes gradually 

darker since the CCD receives a decreasing amount of light. 

             (a)                           (b) 
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Figure 3.9: The waterjet images produced by the cone-down nozzle at 1500psi, ISO 125 
and shutter speed at 6s; (a) F3.5, (b) F4.5, (c) F5.6, (d) F6.3, (e) F7.1, (f) F8 and (g) F10 

 

It should be noted here that if the image sensor receives too much light, the 

resulting image is overexposed which results in a loss of fine details and more graininess 

(see Fig.3.8.a and Fig.3.9.c). On the contrary, the image will be underexposed if the sensor 

receives too little light. In this case, some detailed features of the subject may be lost by 

becoming gradually black (see Fig.3.8.g and Fig.3.9.b).  

Images shown in Fig.3.10 are some examples revealing the importance of the 

correct amount of the light hitting on the waterjet. The first image was taken at almost 

optimum exposure settings. The second image, which is underexposed, was taken with a 

smaller aperture (larger F-stop value). The third was taken with a larger aperture (smaller 

     (a)               (b)              (c)               (d)             (e)              (f)               (g) 
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F-stop value) resulting in an overexposed image. Even though the overexposed image as 

shown in Fig. 3.10.c is too light and results in loss of fine details around the spray 

boundary, it should be noted that we purposefully overexposed the images in our 

experiments needed for the correct recognition of the point where the waterjet starts to 

become spray. 

 

 

 

 

 

 

 

 

 

Figure 3.10: The waterjet images produced by the cone-down nozzle configuration at 
1500psi, ISO 125 and shutter speed set at 6s; (a) F7.1, (b) F10 and (c) F3.5 

 

3.5.4. Shutter Speed 

The shutter speed refers to the length of the time that the shutter of the camera is 

open and the image sensor is exposed to the light. The length of time the shutter is open 

affects the exposure of the image as the aperture does.  

              (a)                (b)               (c) 
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The amount of light exposing the image sensor and the shutter speed has a direct 

relationship, that is, the slower the shutter speed, the greater the amount of light thus the 

lighter the image is. Moving from one shutter speed to the next smaller (for instance from 

30 s to 25 s as shown in Fig.3.11.e and f) halves the amount of light to reach the sensor 

yielding a darker image.  

Figure 3.11: The waterjet images produced by the cone-down nozzle at 1500psi, 
ISO 125 and aperture value at 7.1; (a) 2s, (b) 4s, (c) 8s, (d) 20s, (e) 25 and (f) 30s 

 

On the contrary, the amount of light is doubled when the shutter speed goes up to 

the next larger one resulting in a lighter image (e.g., from 20 s to 25 s as shown in 

Fig.3.11.d and e).  

              (a)              (b)              (c)              (d)             (e)               (f)                
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3.5.5. Aperture and Shutter Speed 

The aperture and the shutter speed cannot individually determine the proper 

exposure of the image. The amount of light that reaches the sensor to provide a proper 

exposure is a function of both the aperture and the shutter speed. The shutter speed 

determines the length of time the light reaches the sensor whereas the aperture controls the 

amount of the light i.e., the brightness within this determined length of time.  

The correlation between shutter speed and aperture is a direct relationship since 

both of them double or half the amount of light reaching the sensor in a scale of one time 

(1X or 1/2X).  This direct correlation is presented in Fig.3.12.  

 

 

 

 

 

 

 

 

 

Figure 3.12: The waterjet images produced by the cone-down nozzle at 1500psi, ISO 125; 
(a) F5.6-6s, (b) F6.3-8s, (c) F7.1-10s, (d) F8-13s and (e) F10-15s 

        (a)              (b)               (c)             (d)              (e)          
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 As the aperture gets smaller (f-number increases), the shutter speed is required to 

get faster proportionally in order to retain the same exposure of the image.  In this manner, 

all the images receive the same amount of light regardless of the aperture-shutter speed 

combination value (see Fig.3.12). 

For any properly exposed image, a good combination between the aperture with the 

corresponding shutter speed for any sensor sensitivity is required. In order to figure out the 

optimum exposure of the waterjet images i.e., the suitable combination between the 

aperture and shutter speed at a sensor sensitivity of ISO125, a set of waterjet images was 

taken within a range of aperture values (F3.5 -F10) and exposure times (1s-30s) (See 

Fig.3.13). 

 

 

 

 

 

 

 

 

 

Figure 3.13: Spray Onset (mm) at different exposure times (s) for various F-numbers 
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The length of the waterjet from the nozzle exit to the onset of spray defined as the 

spray onset (see Fig.3.14) was measured and plotted against the aperture-exposure time as 

shown in Fig.3.13. It can be shown that the breakup curve for each F-number reaches a 

plateau at large exposure times. In our applications, an F-number of 7.1 and an exposure 

time of 20 seconds were chosen to over-expose the images. It should be noted that, over-

exposing images was aimed for measuring the spray formation onset (breakup length). To 

have a realistic picture of the waterjet, one may not over-expose images.   

 

 

 

 

 

 

 

 

 

 
Figure 3.14: The definition of the breakup length (Cone-down nozzle-1750psi) 
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4. RESULTS AND DISCUSSIONS 

4.1. Breakup Behavior of the Hydroentangling Waterjet 

4.1.1. Effect of the Manifold Pressure  

The images of the waterjet produced by the cone-up nozzle and the breakup length 

of the waterjet extracted from these images as a function of pressure are shown in Fig.4.1 

and Fig. 4.2, respectively.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Waterjet issued from the cone-up nozzle as a function of pressure: (a) 1000psi, 
(b) 1500psi, (c) 2000psi, (d) 2500psi, (e) 3000psi and (f) 3500psi 

 

 

 

      (a)            (b)              (c)            (d)              (e)             (f) 

21cm 
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Figure 4.2: The breakup of waterjet issued from the cone-up nozzle as a function of 

pressure (psi) and velocity (m/s) 

 

It can be seen that the breakup length of the waterjets produced by the cone-up 

nozzle shortens drastically with increasing manifold pressure (See Fig.4.2). Additionally, 

the immediate spray formation takes place at the nozzle exit beyond a pressure value of 

2000 psi (see Fig.4.1 (c), (d), (e) and (f)). 

The images of the waterjet produced by the cone-down nozzle and the breakup 

length of the waterjet extracted from these images as a function of pressure are shown in 

Fig.4.3 and Fig. 4.4, respectively. 
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Figure 4.3: Waterjet issued from the cone-down nozzle as a function of pressure: (a) 

1000psi, (b) 1500psi, (c) 2000psi, (d) 2500psi, (e) 3000psi and (f) 3500psi 

 

The breakup length of the waterjet produced by the cone-down nozzle decreases 

until a local minimum is reached at about 800 psi and then starts increasing. It reaches the 

maximum within a pressure interval of 1500-2000 psi (See Fig.4.4). Within this region, the 

waterjet is smooth in appearance and a significantly longer breakup length downstream of 

the nozzle exit can be observed in these figures (See Fig.4.3).  Further increase in the 

manifold pressure beyond a pressure value of 2000psi causes the breakup length to become 

shorter. 

        (a)             (b)             (c)             (d)              (e)              (f) 

25 cm 
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Figure 4.4: The breakup of waterjet issued from the cone-down nozzle as a function of 
pressure (psi) and velocity (m/s) 

 

The breakup behavior and the over-exposed images of the waterjet produced by the 

cylindrical nozzle as a function of pressure are shown in Fig.4.5and Fig. 4.6, respectively.  

 

The breakup length of the waterjet produced by the cylindrical nozzle decreases 

until a local minimum is reached at about 800 psi and then starts increasing. It reaches the 

maximum at a pressure of about 1500psi. However, beyond a pressure of about 1500psi, 

the waterjet issued from the cylindrical nozzle jet exhibits an unsteady behavior over the 

observation time (see Fig.4.5 and Fig.4.6).   

 

 

Velocity (m/s)
60 80 100 120 140 160 180 200

Pressure (psi)
0 500 1000 1500 2000 2500 3000 3500

B
re

ak
up

 L
en

gt
h 

(m
m

)

0

20

40

60

80

100

120

140

160

180

200



 

 62

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 4.5: The breakup of waterjet issued from the cylindrical nozzle as a function of 

pressure (psi) and velocity (m/s) 
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Figure 4.6: Waterjet issued from the cylindrical nozzle as a function of pressure: (a) 

1000psi, (b) 1500psi, (c) 2000psi, (d) 2500psi, (e) 3000psi and (f) 3500psi 

 

The unsteady behavior of the waterjet can be further observed under the same 

pressure as seen in Fig. 4.7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: Irregular changes of breakup of the cylindrical nozzle at a pressure of 2700psi 

 
 
 

4.1.2. Effect of the Nozzle Geometry  

  The breakup lengths of the waterjets were extracted from the images and non-

dimensionalized by the capillary diameter (see Fig. 4.8).  

30 cm 
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Figure 4.8: The dimensionless breakup length of the waterjet as a function of pressure 

(psi) and velocity (m/s) 

 

It can be seen that the waterjet produced by the cone-up nozzle has a significantly 

shorter breakup length than the two other nozzles. The cone-down and the cylindrical 

nozzles were observed to follow a similar trend within a pressure range of 200-1500psi. In 

this region, the breakup length decreases until about a pressure of 800 psi and then starts 

increasing. It reaches the maximum at a pressure of about 1500-2000 psi. Further increase 

in the manifold pressure causes the breakup length to become shorter. This was attributed 
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to the reason that within this pressure interval, the waterjet formed by the cylindrical 

nozzle is similar to that of cone-down nozzle. However, beyond a pressure value of about 

1500 psi, the waterjet issued from the cylindrical nozzle exhibited an unsteady behavior 

over the observation time. These irregular fluctuations seemed to be superimposed to a 

behavior similar to the one observed from the cone-down nozzle (See Fig.4.5, 4.6 and 

Fig.4.8).  

The reason for the above different behaviors was attributed to the concept of 

formation of constricted waterjets in the cone-down and cylindrical nozzles. The 

constricted waterjet forms when flow separates from the nozzle wall once it enters the 

nozzle. The separated region becomes filled with the downstream air. This air gap 

separates the water the flow from the nozzle surface and therefore, eliminates the wall 

frictional effects and cavitation danger. Thus, the breakup of the waterjet takes place 

eventually at considerably further distances downstream of the nozzle outlet.  

 When a cone-up nozzle is used, because of the mild turning of the water flow at the 

entrance, the flow fails to separate from the wall. In this case, the wall friction always acts 

on the flow surface developing the surface disturbances. Additionally cavitation, which can 

cause strong turbulence, is also imminent. The aerodynamic interfacial forces augment 

these surface disturbances once the waterjet meets the air out of the nozzle.  

 In case of the cylindrical nozzle, the large fluctuations (see Fig.4.7) observed in the 

breakup length at high pressures can be ascribed to the irregular detachment-reattachment 

of the flow from the nozzle interior walls before the nozzle exit. When the flow inside the 

nozzle separates from the wall, it shows a long breakup length similar to a cone-down 
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nozzle. Once it reattaches the disturbance made by cavitation and wall friction affect the jet 

surface and result in a sudden shortening of the breakup length. 

 

4.2. Spray Angle 

The spray angle (θ) measured from the captured images of the waterjets was 

defined as shown in Fig.4.9. The spray angle gives information about the area a waterjet 

may occupy once it breaks up. Thus, it is a critical parameter in defining the nozzle holes 

spacing on the strip. If the nozzles i.e., waterjets, are too close to each other they may 

interfere with each other especially at high-pressures where they breakup soon after the 

nozzle exit.  

 

 
 
 
 
 
      

 
 
 
 
 
 
 
 
 
 

Figure 4.9: The spray angle (θ) of the waterjet 
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The correlation between the spray angle (θ) and the dimensionless breakup length 

(Lb/d) of the waterjets produced by the cone-up, cone-down and cylindrical nozzles are 

shown in Fig.410, Fig.4.11 and Fig. 4.12, respectively. 

The spray angle of the waterjet produced by the cone-up nozzle increases with an 

increase in pressure until a maximum constant plateau is reached (pressure interval of 700-

1400psi) while Lb/d decreases considerably (see Fig.4.10). Beyond this pressure, the spray 

angle remains constant where the immediate divergence of the waterjet after the nozzle 

exit was observed. 

Figure 4.10: The breakup length (mm) and spray angle (θ) of the waterjet issued from the 
cone-up nozzle as a function of pressure (psi) and velocity (m/s) 
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Figure 4.11: The breakup length (mm) and spray angle (θ) of the waterjet issued from the 
cone-down nozzle as a function of pressure (psi) and velocity (m/s) 

 
 

The spray angle of the waterjet produced by the cone-down nozzle was seen to 

increase with an increase in pressure until a maximum at around 800psi. The maximum 

spray angle was observed to match with the minimum Lb/d. (See Fig.4.11). Further 

increasing pressure, the spray angle remains constant i.e., becomes independent of the Lb/d 

and the pressure. 
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minimum (See Fig.4.12). Further increasing pressure, the spray angle follows a slightly 

increasing trend with increasing pressure but independent of the Lb/d. 

Figure 4.12: The breakup length (mm) and spray angle (θ) of the waterjet issued from the 
cylindrical nozzle as a function of pressure (psi) and velocity (m/s) 
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down nozzles. At increasing pressures, the spray angle becomes independent of the 

pressure i.e., remains constant but the spray becomes denser. The cone-up nozzle in this 

region was observed to produce the waterjet whose divergence begins at the nozzle exit. 

On the contrary, cone-down and cylindrical nozzles produced waterjets whose divergence 

begins after an intact length from the nozzle exit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: The spray angle (θ) of waterjet as a function of pressure (psi)
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4.3. Discharge Coefficients and Specific Energy 

Discharge coefficient used herein is defined as the ratio of the actual flow rate to 

that obtained by an equation derived from one-dimensional inviscid flow theory. 

 
 
 

Where 

 idealm& =Ideal mass flow rate  (kg/s)  

 
ρ= Density of the water, assumed to be 998kg/m3 

V= Mean velocity of the waterjet, m/s. From Bernoulli equation, 

 
 
 
 

A=Cross-sectional area of the nozzle, (m2) 

 dn=nozzle diameter (m) 

  

As seen in Fig. 4.14, the cone-up nozzle has a considerably higher discharge 

coefficient compared to the cone-down and cylindrical nozzles. The reason for this 

difference is that waterjets from the cone-up nozzle are not constricted. The discharge 

coefficients obtained from the cone-down and cylindrical nozzles match with each other 

meaning that the constricted waterjet formed by these nozzles are practically identical. 
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Figure 4.14: Discharge coefficients of nozzles as a function of pressure and velocity  
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waterjet issued by the cone-up nozzle would have a considerably higher total amount of 

energy delivered to the fiber web compared to other nozzles (see Fig.4.15). However, as 

discussed earlier, at moderate and high pressures, the cone-up nozzle produces waterjets 

that break up soon after exiting the nozzle thus losing the power before reaching the web. 

It may therefore be concluded that the cone-up nozzles may be successfully employed at 

low pressures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.15: Energy content of waterjets as a function of pressure (psi) and velocity (m/s)
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4.4. Nozzle Erosion 
 

Hydroentangling waterjets are issued from thin-plate strips having 40-50 nozzle 

holes per inch. A major concern in the hydroentangling is the nozzle erosion that renders 

the strip ineffective after a relatively short period of time. Eroded nozzles do not have 

sharp-edge inlets. Once the inlet loses its sharpness, the nozzle will no longer be capable of 

generating a constricted waterjet known for having high-intact length as discussed earlier. 

Figure 4.16 compares the nozzles before and after a few hours of operating under 

moderately high pressures (below 3500 psi).  

 

Figure 4.16: Burleigh microscope images of the nozzle entrances; (a) nozzle images after 
experiments and (b) new nozzle image 
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The pictures were taken by using a Burleigh-Non Contact Profilometer microscope 

capable of measuring surface topography in nanometer scales. The images shown in 

Fig.4.16 have a 504x504µm (XY) field of view.  

Microscopic investigation reveals that the nozzles’ profile changes with operating 

time due to the adverse conditions of hydroentangling. Erosion at the nozzle entrance has a 

negative effect on the nozzle functionality. It enhances the chance that cavitation occurs 

and so shortens the waterjet breakup length at high pressures (see Fig.4.17). 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.17: Irregular changes of breakup of the cone-down nozzle at a pressure of 
3500psi as a result of nozzle erosion 
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5. CONCLUSIONS 

From the photographic analysis and experimental observations the following 

conclusions are drawn: 

1. Nozzle geometry plays a crucial role in 

• Hydrodynamic behavior of the waterjet after exiting the nozzle. 

• Utilizing the waterjet’s power efficiently in hydroentanglement. 

• Determining hydroentanglement efficiency. 

2.  Water Pressure has a significant effect on breakup length for all nozzle 

geometries.  

3. The cone-up configuration has a significantly shorter breakup length than the 

cone-down and cylindrical nozzle configurations. The underlying reason for this behavior 

is attributed to the cavitation phenomena, known to shorten the breakup length. 

4. Cone-down & cylindrical nozzles follow similar breakup trends and have longer 

breakup lengths than the cone-up nozzle. 

5. The breakup length of the waterjet produced by the cylindrical nozzle shows 

irregular fluctuations at high pressures. The flow inside the cylindrical nozzle is believed to 

reattach at some points before exiting the nozzle due to the pump-induced vibrations. 

6. The discharge coefficient obtained from the cylindrical nozzle is identical to the 

cone-down configuration. Both of these nozzles have discharge coefficients and energy 

contents smaller than that of the cone-up nozzle. Therefore, these nozzles are believed to 

form a constricted jet. 
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7. The rate of energy transfer to the fabric is higher in the case of the cone-up 

nozzle if the pressure is low. The reason for this is the higher mass flow rate associated 

with this configuration. At high pressures, waterjets from the cone-up nozzle breakup 

before reaching the web.  

8. Spray angle for all the geometries increases with increasing pressures up to about 

1000psi. Further increase in pressure has not shown any significant change in spray angle. 

9. The water jet produced by the cone-up nozzle diverges at the nozzle exit while 

the waterjets produced by the cylindrical and cone-down nozzle diverge after an intact 

length from the nozzle exit. 

10. Microscopic nozzle surface detection reveals that the profile of the nozzles 

degrades with operating time due to the adverse effects they are subject to. 
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7. APPENDIX 
 

Figure 7.1: General View of Experimental Stand Assembly (all dimensions in inches)  
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Figure 7.2: General View of Flange Connections (all dimensions in inches) 
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Figure 7.3: Bottom View of Top Flange (all dimensions in inches) 

 
Specifications: STD CLASS 2500lbs (316 SS) 2” SS Pipe Flange (Flat Face) 
 
 
 
 
 



 85

Figure 7.4: Top View of Top Flange (all dimensions in inches) 
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Figure 7.5: Side View of Top Flange (all dimensions in inches) 
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Figure 7.6: Section Q (all dimensions in inches) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

O-RING SPECIFICATIONS (shown in Table below) 
1st O-RING: Dash #: 336 
2nd O-RING: Dash #: 343 
(Width is cross-section of the o-ring) 
 

Nominal Sizes (inch) Actual Sizes (inch) AS 568A No. 
ID OD WIDTH ID WIDTH 

336 2 7/8  3 1/4 3/16 2.850 + 0.020 0.210+ 0.005 
343 3 3/4 4 1/8 3/16 3.725 + 0.028 0.210+ 0.005 
 
The GROOVE DEPTH is 0.185 + 0.003 
The GROOVE WIDTH is 0.3 + 0.005 
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Figure 7.7: Bottom View of Bottom Flange (all dimensions in inches) 

 
Specifications: STD CLASS 2500lbs (316 SS) 2” SS Pipe Flange (Flat Face) 
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Figure 7.8: Top View of Bottom Flange (all dimensions in inches) 
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Figure 7.9: Side View of Bottom Flange (all dimensions in inches) 
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Figure 7.10: Section I (all dimensions in inches) 
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Figure 7.11: Bottom View of Nozzle Strip Disk (all dimensions in inches) 
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Figure 7.12: Top View of Nozzle Strip Disk (all dimensions in inches)  
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Figure 7.13: Side View of Nozzle Strip Disk (all dimensions in inches)  
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Figure 7.14: Detailed Side View of Nozzle Strip Disk (F SECTION)  (all dimensions in inches)  
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Figure 7.15: Other Side View of Nozzle Strip Disk (F SECTION)  (all dimensions in 
inches)  
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Figure 7.16: Connection Of Assembly To 80/20 Metal Frame (all dimensions in inches) 
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Figure 7.17: Connection Of Assembly To 80/20 Metal Frame (Section N) (all dimensions in inches) 

 
 
 
 
 
 
 
 

 
 
 
 
 
 


