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Abstract

Splattering of droplets during liquid jet impingement on solid targets alters the ef-
ficiencies of jet impingement heat transfer processes and chemical containment safety
devices, and leads to problems of aerosol formation in jet impingement cleaning pro-
cesses. A study of the turbulent liquid jet impingement splattering, the evolution of
the disturbances on the free surface of a turbulent liquid jet in gas and the relation
between splattering and the jet surface disturbances is presented here.

Experimental results on the amount of splattering for jets of water, isopropanol-
water solutions, and soap-water mixtures are reported here. Jets were produced by
straight tube nozzles of diameter 0.8 - 5.8 mm, with fully-developed turbulent pipe-
flow upstream of the nozzle exit. These experiments cover Weber numbers between
130 - 31,000, Reynolds numbers between 2700 - 98,000, and nozzle-to-target sepa-
rations of 0.2 < z/d < 125. Splattering of up to 75% of the incoming jet liquid is
observed. The results show that only the Weber number and x/d affect the fraction
of jet liquid splattered. The presence of surfactants does not alter the splattering.
Also a new correlation for the onset condition for splattering is presented.

A laser-based optical technique is used to measure the amplitudes of surface dis-
turbances on turbulent liquid jets in air. Measurements were made on jets of water,
isopropanol-water solutions, soap-water mixtures and water with drag reducing addi-
tive, guar, between 0.2 and 50 nozzle diameters from the nozzle. Measurements show a
non-exponential growth of the rms amplitude of the surface disturbances on the jet as
it moves downstream. Power spectra of the surface disturbances show the broadband
turbulent disturbances to be dominant over any single wavenumber Rayleigh-type
instability. The measured rms amplitude of roughness on the jet surface correlates
well with the fraction of impinging liquid splattered.

A mathematical model of free surface turbulence is presented. The spectrum of
disturbances is calculated based on the pressure spectrum of isotropic, homogeneous
turbulence. Both the theoretical model and the experiments show that the high-
wavenumber portion of the spectrum decays as k- 19/3 owing to the damping effect of
capillary pressure on the turbulent pressure spectrum that drives surface roughening.



A mathematical model for the growth of turbulent disturbances on a free-surface
liquid jet is also proposed.

Thesis Supervisor: John H. Lienhard V
Title: Associate Professor
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a jet radius (m)

D diffusion coefficient (m2 /s)

d nozzle diameter (m)
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G(77p) spectrum of the amplitude of free surface disturbances (Equation 3.8)

hD coefficient of mass transfer (kg/m2.s)

J surface concentration of adsorbed mass (kg/m 2 )

j mass flux (kg/m 2 .s)
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kI, k2, k3  Cartesian componec.-ts of the wavenumber vector corresponding to

x, y, z directions, respectively, k2 = k + k + k k (1/m)

k,  resultant wavenumber in the x-y plane, /kl + k2 (1/m)

1 integral scale of turbulence (m)

lb jet breakup length (m)

4l length of the jet at which splattering reaches its asymptotic limit (m)

10o length of the jet corresponding to onset of splattering (5% threshold) (m)

moo bulk mass fraction of the solute



p fluctuating component of pressure (N/m 2)

p - ala (N/r 2 )

Q jet flow rate (m3 /s)

Q, flow rate of splattered liquid (m 3 /s)

u jet free surface velocity (m/s)

Uf average jet velocity at the nozzle exit (m/s)

u' rms fluctuating component of velocity (m/s)

u. friction velocity based on wall shear stress, uf f/8 (m/s)

X nozzle-to-target separation or distance along the jet axis from the nozzle exit (m)

6 instantaneous height of the jet surface disturbances (m)

T2 ensemble average of 82 (m2 )

A jet surface disturbance wavelength (m)

AL liquid dynamic viscosity (kg/m.s)

v liquid kinematic viscosity, t/p (m2/s)

splattered fraction of incoming jet's liquid, Q,/Q

p liquid or solution density (kg/m 3 )

77 dimensionless wavenumber, kl (ka in Appendix B)

77, dimensionless wavenumber of the free surface disturbances, 1k? + k2

a surface tension between jet liquid and the surrounding gas (N/m)

w splattering parameter defined by Equation 2.2

Red jet Reynolds number, pufd/Lt

Ret turbulent Reynolds number, u'l/v

Sc Schmidt number, v/D

Sht turbulent Sherwood number, hDl/pD

Wed jet Weber number, pu2d/o"



Chapter 1

Introduction

When a turbulent liquid jet in air impinges on a flat target a spray of droplets

break off from the liquid layer formed on the target. This splattering of droplets

lowers the efficiency of jet impingement cooling processes due to the loss of liquid.

It also leads to aerosol formation in jet cleaning processes and in some chemical

containment safety devices where a leaking chemical stream strikes a solid object. In

cleanroom situations, where impinging jets are used for post-etching debris removal,

splattered liquid can produce airborne contaminants. In metal-jet forming operations,

splattering is a primary cause of reduced yield. In situations involving toxic chemicals,

the splattered droplets create a hazardous aerosol whose containment may necessitate

significant air filtration costs. The present and earlier studies indicated a dependence

of the amount of splattering on the level of jet surface disturbances. This research

concentrated on studying the process of splattering, the amplitude of disturbances on

the free surfaces of turbulent jets and the relation between the two.

Errico (1986) first made some of the preliminary observations and measurements

of jet impingement splattering. He reported that a smooth laminar jet impinging on

a solid target does not splatter. Though he noticed that naturally "rough" turbulent

jets cause splattering upon impingement, he did not consider turbulence to be an

important factor in splattering. Applying lateral electric fields, Errico showed that

the laminar jets also can be made to cause splattering by externally imposing surface

disturbances. So he concluded that the jet surface disturbance is the cause of jet



impingement splattering. He also measured the amount of splattering but all the

measurements were made at fixed distance of 40 cm between the nozzle and the

target.

Lienhard, Liu and Gabour (1992) reported systematic measurements of the amount

of splattering for turbulent jets. They made direct measurements by capturing the

amount of liquid remaining on the liquid film on the target after splattering. Mea-

surements were also made using Phase Doppler Particle Analyzer (PDPA) where the

amount of splattering was obtained by integrating the local measurements of droplet

flow rate. But the PDPA measurements were found to be less accurate than the

direct measurements of splattering. They proposed a model of the growth of the rms

amplitude of disturbances on turbulent liquid jets in gases assuming the turbulent

disturbances to grow at the highest disturbance growth rate predicted be Rayleigh's

theory. The measurements of the fraction of jet liquid splattered were correlated with

the rms amplitude of turbulent jet surface disturbances predicted by their model.

But the scope of their measurements were rather limited. Also the assumption of

the growth rate of the turbulent disturbances to be same as the highest growth rate

of Rayleigh model is inadequate because the highest growth rate of Rayleigh model

occurs for a disturbance wavelength longer than the jet diameter whereas most of the

energetic turbulent disturbances have wavelengths shorter than the jet diameter.

Womac, Aharoni, Ramadhyani and Incropera (1990) reported a few measurements

of the onset conditions for splattering of jets of water and FC-77 (a fluorocarbon

chemical compound used in cooling electronic circuits). Their measurements were

found consistent with the correlation proposed in this study (Section 2.3.3).

Many phenomena associated with turbulent liquid jets in gases are controlled by

the free surface disturbances. The amount of splattering in jet impingement depends

on the amplitude of the turbulent jet surface disturbances. The breakup of free-

surface turbulent liquid jets and spray formation, adsorption onto and evaporation

from turbulent liquid jets (Kim and Mills, 1989a) also depend on the surface distur-

bances. There are several axiomatic models of the axial and radial decay of turbulence

in free-surface turbulent liquid jets (see Kim and Mills, 1989b). But the lack of quan-



titative measurements on the turbulent free-surface liquid jets, both cylindrical and

planar, is well known (Wolf, Viskanta and Incropera, 1990).

The only attempt at a quantitative study of the amplitude of disturbances on the

free surface of turbulent liquid jets, that the author has found in literature, was made

by Chen and Davis (1964). They used an electric conductivity probe where a needle

indicated the location of the free surface of the jet upon contact. The accuracy

of the small number of measurements that they made was severely limited by the

interference of the probe with the flow. During the current study observations with

a reconstructed probe of the type they used, indicated liquid-drop formation on the

probe tip. That leads to the possibility of over-estimation of the amplitudes of surface

disturbances by this technique.

Stevens and Webb (1991b) reported a few measurements of the velocity on the

jet free surface along the axial direction, using a Laser Doppler Velocimeter (LDV).

Apparently because of the increasing amplitude of disturbances their measurements

were restricted to mostly within a distance of 3 nozzle diameters from the no2zle exit.

They found that the jet free surface velocity reached 90% of the average jet velocity

within that distance for the jets in their study.



Chapter 2

Splattering during Turbulent

Liquid Jet Impingement on Solid

Targets

2.1 Introduction

Previous studies of splattering have demonstrated that it is driven by Lhe distur-

bances on the surface of the impinging jet (Errico, 1986; Lienhard, Liu and Gabour,

1992). Thus, undisturbed laminar jets do not splatter, unless they are long enough

to have developed significant disturbances from capillary instability. Turbulent jets,

on the other hand, develop surface roughness as a result of liquid-side pressure fluc-

tuations driven by the turbulence, and they are highly susceptible to splattering.

Errico (1986) induced splattering of laminar jets by creating surface disturbances

with a fluctuating electric field. His results showed that splattering commenced at

progressively lower jet velocities when the amplitude of disturbance was increased.

He also showed that splattering appeared on the liquid film on the target as the

disturbances from the jet spread radially. When a turbulent jet strikes a target,

similar travelling waves originate near the impingement point and travel outward

on the liquid film (see Figure lb of Lienhard, Liu and Gabour 1992). When the

jet disturbances are sufficiently large, these waves sharpen and break into droplets



Viscous boundary layer

Figure 2-1: Turbulent jet impingement and splattering : instantaneous liquid surface.

(Figure 2-1). All observations indicate that the amplitude of the disturbances on the

jet govern splattering. They further indicate that splattering is a non-linear instability

phenomenon, since the liquid film is clearly stable to small disturbances but unstable

to large ones (Varela and Lienhard, 1991).

Lienhard, Liu and Gabour (1992; called LLG hereinafter) reported measurements

of the splattered liquid flow rate for turbulent jets, in the form of the ratio of splattered

flow rate, Q, to the incoming flow rate, Q:

Q= (2.1)

LLG also proposed a model for splattering which related the rms amplitude of jet

surface disturbances to the rate of splattering. In this model, turbulent pressure

fluctuations in the jet formed an initial surface disturbance on the jet, which was



then assumed to evolve by Rayleigh's capillary instability (Drazin and Reid, 1981)

as the jet travelled to the target. The model produced a scaling parameter, w, which

characterized the rms amplitude of disturbances reaching the target:

W.=1Wed exp 'W d (2.2)

Here,

Wed = pu2d/a (2.3)

is the jet Weber number based on the average jet-velocity at the nozzle exit, us, the

nozzle diameter1, d, and the liquid surface tension, a. The nozzle-to-target separation

is z 2. LLG obtained good correlation between ( and w, leading to the result:

( = -0.0935 + 3.41 x 10-sw + 2.25 x 10-9 w2  (2.4)

for 2120 < w < 8000, with no splattering for w < 2120. LLG also noted that

splattering occurred within a few diameters of the point of impact and that viscosity

(in the form of a jet Reynolds number) appeared to have no role in the splattering

process, presumably owing to the thinness of the wall boundary layer in the stagnation

region.

In spite of the LLG model's apparent success, several ambiguities accompany it.

The model is based on data covering 1.2 < z/d < 28.7 and 1000 < Wed < 5000,

and its validity beyond that range is unestablished. The onset point for splattering

shows significant scatter as a function of w and is not in complete agreement with

all observations by other investigators. Furthermore, the model is predicated on

exponential growth of capillary disturbances at the rate corresponding to Rayleigh

analysis' most unstable wavelength (A = 4.51d). That assumption is obviously flawed,

since the turbulent pressure fluctuations driving instability cover a broad range of

1The contraction coefficient for turbulent jets leaving pipe nozzles is nearly unity. Throughout
this study, we treat nozzle diameter and jet diameter interchangeably.

2 is being used instead of I used by LLG, since the location of the target on jet axis, z, is same
as the nozzle-to-target separation.



much shorter wavelengths (A < d), the most energetic of which should be stable

according to Rayleigh's results.

The present study examines splattering over a much broader range of Weber

number and nozzle-to-target separations (130 < Wed < 31,000; 0.2 < x/d < 125).

Surface tension is independently varied. In contrast to LLG, we treat Wed and x/d

as independent parameters. Our objectives are to establish the range of applicability

of the LLG model and to obtain a more generally applicable criterion for the onset of

splattering beneath a turbulent impinging liquid jet. In addition, we attempt further

explanation of the overall phenomenon of splattering in terms of the available data

on the evolution of surface-disturbances on turbulent jets.

2.2 Experiments

A schematic diagram of the measurement system is given in Figure 2-2. All the

measurements were made with water jets issuing into still air. Tube nozzles having

diameters between 0.8 - 5.8 mm were used to produce the jets. The tubes were made

70 - 100 diameters long so as to ensure fully-developed turbulent flow at the tube

outlet. The outlets were carefully deburred to prevent the introduction of mechanical

surface disturbances. The tube nozzles received water from a pressurized plenum with

disturbance dampeners and honeycomb flow straighteners at its upstream inlet.

Nozzle-target separation was varied from 2 to 300 mm. This corresponds to nondi-

mensional nozzle-target separations, z/d, between 0.2 and 125 for all the nozzles other

than the 0.84 mm diameter nozzle, for which z/d reached 500.

Splattering takes place over a limited range of radial positions upstream of the

hydraulic jump, typically within a few diameters of the point of impact. The target

radius was between 2 and 50 cm, and always slightly larger than the radial location

of the hydraulic jump. The amount of liquid that remained in the liquid sheet on

the target after splattering was measured by collecting it in a container beneath the

target. The splattered liquid, on the other hand, remained airborne and fell well

beyond the rim of the container. Flow rates of the jet and of the unsplattered liquid
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were both obtained by measuring the time required to collect a known volume of

liquid. From this, the amount of splattering was calculated.

The liquids used in these experiments were water, an isopropanol-water solution,

and water containing a surfactant, detergent. The liquid temperature was between 21

and 270C. Surface tension was measured several times during the experiments using

a platinum-ring surface tension meter. Tube diameters were measured and checked

for roundness, and these measured values of diameter were used in all subsequent

calculations.

This technique facilitated quite precise measurements of the amount of splattering.

Typically the uncertainty in ý (at 95% confidence) was below +5% for ( > 10% and

below +25% for ( < 4%. Uncertainties in the Reynolds numbers and the Weber

numbers were below ±2% and ±3%, respectively. These low uncertainties may be

credited to the direct measurement of liquid flow rate. Uncertainties in x/d and w were

below +2% and ±3%, respectively. Some of the measurements were repeated using

two different pumps to verify the reproducibility of the data and their independence

from upstream pressure fluctuations. Figure 2-3 shows the typical scatter in the

measurements of splatter fraction for several different runs at nearly same jet Weber

numbers (the values are all within the ±3% uncertainty limits of Wed). The rms

scatter in ( from run to run is ±4% of the maximum value of ý of about 0.3.

The independent physical parameters involved in this problem are x, d, p, u f ,

a, and 1t. Dimensional analysis based on these parameters shows that the fraction

of liquid splattered, ý can depend only on three dimensionless groups, namely z/d,

Red, and Wed. Independent variation of these three groups was accomplished by

independent variation of d, x, , and uf.

2.3 Splattering and its relation to jet disturbances

Figure 2-4 shows the amount of splattering at different nozzle-target separations

for several nozzle diameters and Reynolds numbers. Each solid line represents data

for a narrow range of Weber numbers, varying by less than ±3% around the stated
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mean value, a range equal to the experimental uncertainty of Wed. Splattering of as

much as 75% of the incoming fluid is observed at a Weber number of 31,000 and a

Reynolds number of 98,000 for a nozzle-target separation of x/d = 34.

At any given Weber number and nozzle-target separation, the splatter fraction,

(, depends extremely weakly on the Reynolds number, if at all. For example, in the

data set for Wed = 5500, the Reynolds number increases by a factor of 1.5 without

any discernible change in the splatter fraction, ý. In contrast, a factor of 1.3 increase

in the Weber number (from 5500 to 7300) produces significant increase in the splatter

fraction (roughly +25%).

An influence of Reynolds number would be expected to arise primarily from viscous

effects near solid boundaries, either in setting the pipe turbulence-intensity or as an

influence of the viscous boundary layer along the target. Past work (e.g. Lienhard et

al. 1992) has established that the stagnation-point boundary layer is extremely thin

relative to the liquid layer, and it thus may have little effect on the surface waves

near the stagnation-point. To examine the effect of Reynolds number on turbulence

intensity we refer to Laufer (1954). His measurements show the ratio of rms turbulent

speed to friction velocity, u'/u., to be nearly independent of Reynolds number in fully-

developed turbulent pipe-flows. Therefore

U U, ~ /oce1/8
C-OcX - c c Red / s

Uf u1

where we have used the definition of u.(= u f/8) and the Blasius friction factor

equation (f = 0.316Red" /4 for 4000 < Red < 105). This weak dependence of the

turbulence intensity on the Reynolds number may be the reason that we observe no

significant dependence of splattering on the jet Reynolds number over the present

range of Red.

Splattering of some small diameter, long jets are shown in Figure 2-5. These

jets splatter less than 10% of the incoming flow for nozzle-target separation, z/d

below 110. This splatter fraction is less that that for the jets in Figure 2-4 over

the same range of nozzle-target separations. This is consistent since these small
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Figure 2-4: Splattering as a function of nozzle-target separation and jet Weber num-
ber. Solid lines are fitted curves for Weber number constant to within -3% (which
is the uncertainty of experimental Wed): Wed = 1450 (1409, 1430, 1479); 3000 (3108,
2858, 3101); 5500 (5373, 5420, 5628); 7300 (7096, 7564); 31000 (31243).
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diameter jets in Figure 2-5 have jet Weber number smaller than those in Figure 2-4.

Here, as the nozzle-target separation increases the splattering increases towards an

asymptotic limit, the actual limiting value depending on the jet Weber number. It is

also noteworthy, that for such small diameter jets over an initial length of it, x/d < 50

or so, there is no measureble amount of splattering.

To study the effect of surface tension variation on splattering, a solution of ap-

proximately 10% by volume of isopropanol in water was used. The surface tension of

the solution was measured before each run of the experiment; it was thus maintained

at 0.042 N/m within +5% accuracy (versus 0.072 N/m for pure water). Density was

also measured. The data show (Figures 2-6, 2-7, 2-8) that the splatter fraction, ý, still

scales with Weber number, Wed, as observed before for the water jets. The splatter
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fraction data for water and for an isopropanol-water solution, at a given jet Weber

number, agree to within the experimental uncertainty in all but one case (Figure 2-7,

Wed = 5368).

Referring to Figures 2-4 to 2-8, we see that very little splattering occurs close to

the jet exit (small x/d), typically less than 5%. Beyond this region, the amount of

splattering at first increases with distance, x/d. Farther downstream, it reaches a

plateau. To explain these observations we refer to some measurements of the ampli-

tude of turbulent liquid jet surface disturbances to be described in Chapter 3. The

rms amplitude of jet surface disturbances at different axial locations of the jet, were

obtained from the measurements of the instantaneous disturbance amplitude, using

a non-intrusive, optical instrument. Starting from nearly zero near the nozzle exit,

the rms amplitude of jet surface disturbances initially grows rapidly as the jet moves

downstream; farther downstream the growth rate diminishes and the rms disturbance

tends to an asymptotic limit. This growth of disturbances is the probable cause of

the increase in the splatter fraction as the jet moves downstream. The steadily de-

creasing rate of amplitude growth results in a plateau of the disturbance amplitude

which corresponds to that in the splatter fraction data.

For very long, low Weber number jets the plateau of splattering ends and ý again

increases with z/d (Figure 2-6, Wed = 1450). This may reflect the appearance of

ordinary capillary instability on these jets. Specifically, when the Weber number is

low, the asymptotic turbulence-generated surface roughness is small compared to the

jet radius. Thus, the still nearly-cylindrical jet can give up surface energy by the usual

Rayleigh-type instability. These observations are consistent with the data in Figure 2-

5, where the jet Weber numbers being very low, turbulent surface disturbances are

too small to cause any splattering near the nozzle. They start to casue splattering

when they are long enough to have developed Rayleigh-type capillary disturbances.

In contrast, at higher Weber number the turbulent disturbances grow to be as large

as the jet radius, effectively breaking up the jet. In the low Weber number case, the

splattering plateau ends when capillary instability further raises the jet roughness. In

the high Weber number case, the plateau is reached when the jet is essentially broken
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up into drops.

Once the jet is broken up, the splattering is effectively due to the impact of

individual droplets. For a given Weber number, the size and velocity of those droplets

remain nearly constant with increasing x/d (excluding the effect of air drag); thus the

amount of splatter reaches an asymptotic value. Presumably, this asymptote depends

on droplet Weber number (which is roughly equivalent to jet Weber number).

On the basis of the present experiments, we find that the range of applicability of

the LLG model is 103 < Wed < 5 x 103, x/d < 50 and 4400 < w < 10,000. Figure 2-9

shows both the present data and the LLG data in ( -w coordinates. The scaling with

w correlates the data reasonably well in this range. While LLG used nominal tube

diameter in their data reductions, all data in Figure 2-9 are scaled with measured

diameter. On this basis, we offer the following improved correlation for ((w) in the

range 4400 < w < 10,000:

( = -0.258 + 7.85 x 10-sw - 2.51 x 10-9w2  (2.5)

The lower limit in terms of w is chosen to ensure that the predicted ý is at least 4%.

Below this level there is considerable scatter and high uncertainty in the measure-

ments.

For larger x/d or Wed, the w model fails (Figure 2-10), but a different pattern

emerges. For Wed = constant, w becomes a function of z/d only and we see curves

similar to the ones in Figure 2-4.

2.3.1 The influence of surfactants

Surfactants lower liquid surface tension by forming a surface-adsorbed monolayer

at the liquid surface. When a new liquid surface is formed, some time is required

for surfactant molecules to diffuse to the surface in sufficient concentration to alter

the surface tension. To study the role of surlfctants in splattering, a mixture of

approximately 0.2% detergent in water was used. This reduced the surface tension

of the static solution (liquid surface at rest) to 0.027 N/m and corresponded to a
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saturated surface concentration of surfactant. Figures 2-11 and 2-12 show that the

presence of the surfactant does not alter the amount of splattering. The splatter

fraction for the surfactant-laden jet is identical to that for a pure water jet of the

same velocity, diameter and length; in fact, if the surfactant-jet Weber number is

calculated on the basis of pure-water surface tension, the curves for the surfactant-

jets are identical to those of the pure jets. From the standpoint of splattering, the

surface tension of the surfactant-jet is effectively the surface tension of the pure liquid.

Possible reasons for this behavior are as follow. Inside the nozzle, the surfactant

is in the bulk of the liquid. When the liquid exits the nozzle, a new free surface

is formed which is not initially saturated with surfactant. Because a finite time is

required for the surfactant to diffuse from the bulk to the free surface, the surface

remains unsaturated over some initial length of the jet. In this initial region, the

surface tension remains near that of pure water.

The time required for the surface concentration of surfactant to reach saturation

was estimated for turbulent diffusion from the bulk to the free surface under the

assumption that all surfactant reaching the surface is captured by and remains on

the surface (Appendix A). Using KOhler's (1993) correlation for interphase mass

transfer across free surface, this model yields an unsaturated length of only 3 to

4 diameters for the two cases in Figure 2-11. However, the model is unreasonable

in that it neglects any turbulent reentrainment of surfactant from the surface to

the bulk, an effect that is probably quite large. Thus it seems likely that the time

required to achieve saturation is significantly longer, if saturation is reached at all.

In consequence, only the surface tension of the bulk liquid appears to play a role in

splattering, at least for the lengths of the jets in this study. The data show clearly

that the presence of a surfactant does not alter the splattering characteristics.

To help resolve this issue, measurements of the jet surface roughness evolution

with surfactants has been compared to those without any surfactant (Section 3.3.2).

These preliminary measurements indicate that the presence of surfactants do not alter

the rms amplitude of turbulent disturbances on jet surface. As a result the amount

of splattering is not influenced by the presence of a surfactant in the jet liquid.
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Formation of bubbles is a. possible source of error in the measurements of splatter

fraction and the amplitude of surface disturbances (Section 3.3.2), with jets of low

surface tension liquids, especially with detergents. To minimize bubble formation test

were done in short intervals with long delay between runs for bubbles to float to free

surface keeping the bulk of the liquid relatively bubble free.

2.3.2 The role of additives

Errico (1986) reported reduction in jet impingement splattering by adding very

small quantities of a poly-electrolyte, Separan AP-273 to plain water. To see the

effect of an additive, measurements of splattering was made with a solution of 500

weight-parts-per-million (wppm) of guar in water. Guar is a commonly used drag

reducing agent in turbulent pipe flows. The surface tension of this guar solution

was measured to be 0.052 N/m. Measurements show an increase in splattering over

plain water jets of the same jet Weber number. This may appear contradictory to

Errico's (1986) conclusions. First we note the very limited number of measurements

with the additives in the present study. Also this may indicate that different additives

do not influence splattering the same way.

2.3.3 The onset of splattering

Some problems arise in defining the onset point of splattering. Since the process

of splattering involves turbulent flow, sporadic splattering of droplets occurs at much

lower jet velocities than those that would cause any significant amount of sustained

splattering (other parameters remaining the same). Consequently, the onset point

is more accurately definable in terms of a non-zero level of splattering. Owing to

the finite accuracy of measurement systems, this threshold should not be so low as

to have substantial uncertainty. We chose to define the onset of splattering as the

point where 5% of the incoming fluid is splattered. In view of our earlier observation

that, for a given l/d, the amount of splattering depends strongly on the jet Weber

number and not on the Reynolds number, we expect the onset point to be uniquely
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identifiable by its z/d and Wed. In other words, for a jet of a given Weber number,

the onset point is reached at a certain z/d.

Figure 2-14 shows the data for onset points. A correlation for the onset point data

is

l_ 130l = 130(2.6)
d - 1 + 5 x 10-7We (2.6)

For low Weber numbers, where surface tension dominates, comparison to the

capillary breakup length is appropriate. When aerodynamic forces are negligible, the

capillary breakup length of a uniform-velocity viscous jet is given by (Weber, 1931)

b 12 (1+ 3•ed (2.7)
d Red )

For the turbulent jets in this study, produced by a fully-developed turbulent pipe-

flow, Red exceeds 2000. In such jets, when Wed - 100 we find Ib/d - 120. Thus,

the observed onset points at low Weber numbers are close to the capillary breakup

point. In this range, splattering is essentially of drop impingement type. Apparently,

turbulent disturbances are strongly damped by surface tension in these low Weber

number jets, and capillary instability is dominant.

The relative importance of turbulence and surface tension is characterized by a

balance of rms turbulent dynamic pressure and the capillary pressure. Thus, the

appropriate Weber number for characterizing splattering mechanism is based on the

rms fluctuating component of the velocity, u', and the rms height of the surface

disturbances, 6rm,:

turbulent dynamic pressure pu'12  '2  (2.8)
capillary pressure /6 8

"m•

We should be 0(1) or greater when turbulence drives splattering. However, u' and

m,,, are not easily available, while u1 and d are, so we have used

S pu2d [1 ,( 9 u)Wed-- - = =/ > 1 (2.9)
a d o"
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which is 100-1000 times larger than the Weber number, We, that actually character-

izes physical processes involved here (since u'/u1 is a few percent in magnitude and

Stm,/d < 0.5).
The only other quantitative data on onset in literature - LLG and Womac et

al. (1990) - compare very well with the present study. Some data in the text and in

an accompanying figure in the paper by Womac et al. were combined to obtain the

onset points for their study. Apparently, they identified the onset points by visual

observations. This is likely to provide slightly different l1/d than by our method.

Also, the visual determination of onset point depends on the size of the splattered

droplets and their optical properties, which in turn introduce additional uncertainties.

These factors may account for the slight discrepancies between their results and ours.

Stevens and Webb (1989) did not report any splattering for their turbulent jets.

The most likely reason for this is that, in their study, a/d was almost always smaller

than lo/d. Only two of their reported data points lie within our splattering region

(specifically, Red = 5 x 10, d = 5.8 mm, x/d = 12.8, Wed -- 6.2 x 101 and Red =

4 x 104, d = 4.1 mm, x/d = 18.5, Wed -- 5.6 x 10').

LLG reported an onset criterion of w > 2120 for the appearance of any splattering.

In contrast, the present data show onset of any splattering over a range of values of

w, 2000 < w < 8000. Within the range of applicability of the LLG model which was

mentioned above, the onset of 5% splattering occurred for w between 4100 and 5100.

2.3.4 The upper limit of splattering for high Weber number

jets

As previously explained, the upper limit of splattering for high Weber number

jets should be reached near the breakup length of the jet. The breakup length of tur-

bulent jets is known to depend on Reynolds and Weber numbers (Lienhard and Day,

1970). Miesse (1955) reported correlations for breakup lengths, lb, of turbulent liquid

jets subject to strong aerodynamic forces. From the data on jets from industrially-

used converging-orifice type nozzles in a Reynolds number range similar to ours, he



Table 2.1: Comparison of observed upper-limit lengths to predicted capil-
lary/aerodynamic breakup lengths of Miesse (1955).

reported

= 540 W Re5/1  (2.10)

The jets in the present study were produced by tube nozzles with fully-developed

turbulent flow, so their breakup lengths can be predicted only in order of magnitude by

this correlation. Table 2.1 compares the breakup lengths predicted by this correlation

to the nozzle-target separations, lC, at which the asymptotic upper limit of splattering

is reached.

The predicted breakup lengths lb are larger than the upper limit lengths lc roughly

by a factor of 2.6. This may be because this correlation overestimates the breakup

lengths for the different nozzle geometry involved here. Alternatively, it may be

that the splattering mechanism changes from jet impingement splattering to drop

impingement splattering somewhat before the jet breakup location. In either case,

the comparison shows a consistent relation between the jet breakup length and the

upper-limit length of splattering.

2.4 Conclusions

Splattering has been measured for turbulent liquid jets impacting solid targets.

Data span the range 0.2 < zxd < 125, 2700 < Red < 98,000 and 130 < Wed <

31,000. The present results have been compared to the previous studies and improved

Wed Red l /d lb/d lb/,c
5373 31868 25 61 2.44
5661 41757 24 53 2.2
7564 48284 20 56 2.8
8043 49770 18 56 3.1



correlations have been developed.

* For a turbulent jet the amount of splattering is governed by the level of surface

disturbances present on the surface of the jet. This observation is similar to

those for laminar jets with externally-imposed disturbances.

* Amount of splattering at a given nozzle-target separation depends principally

on the jet Weber number.

* The presence of surfactants in the jet does not alter the amount of splattering.

Only the surface tension of the bulk fluid plays a role in splattering.

* The model proposed by Lienhard et al. (1992) is applicable for 1000 < Wed <

5000 and z/d < 50. An improved vYrsion of their correlation is ( = -0.258 +

7.85 x 10-sw - 2.51 x 10- 9w 2 , for 4400 < w < 10,000. Outside this range, Wed

and x/d should be treated as independent parameters.

* The onset point of splattering for a 5% threshold is given by the correlation

lo/d = 130/(1 + 5 x 10-7 We2).

* The upper-limit length of splattering, beyond which ( is constant, appears to

be related to the jet breakup length.

* Over the range of Reynolds numbers in this work, no significant effect of jet

Reynolds number is identifiable. However, a very weak dependence on Reynolds

number is likely to be present in all of the conclusions and the correlations

presented in this study. Any extrapolation above Red = 100,000 should be done

skeptically.



Chapter 3

Surface Disturbance Evolution on

Turbulent Liquid Jets and its

Relation to Splattering

3.1 Introduction

The disturbances on the free surface of an unsubmerged turbulent liquid jet con-

trol the splattering of an impinging jet. No detailed measurements of the instanta-

neous amplitudes of these disturbances are available in the present literature. Many

photographic studies of turbulent liquid jets have been reported (Hoyt et al. 1974,

for example). But the photographic technique is unsuitable for quantitative study

of the time evolution of the amplitude of disturbances, since this would require an

enormous number of photographs to achieve wavenumber decomposition. The only

measurements of the amplitude of turbulent disturbances that the author found in the

literature were by Chen and Davis (1964). They presented a few measurements using

an electric conductivity probe. The accuracy of those measurements was severely

limited by the interference of the instrument with the flow.

Here, we use a laser-based optical technique to measure the amplitudes of fluctua-

tions on the free surface of a turbulent water jet in air (following Tadrist et al. 1991).

This instrument, consisting of a laser light sheet, a photosensor, and lenses, is capable



of measuring fluctuations at frequencies up to about 1 MHz. jets were produced by

fully developed turbulent pipe flow issuing from tube nozzles. Measurements were

made over the portion of the jet between 0.2 and 30 nozzle diameters in length. Data

show a non-exponential growth of the rms amplitude of the surface disturbances on

the jet as it moves downstream. Power spectra of the surface disturbances show that

the turbulent disturbances dominate over the disturbances due to Rayleigh instability.

A mathematical model of free surface response to turbulence is also developed. At

modest values of air-side Reynolds number, the free surface deforms in response to

turbulent pressure fluctuations in the liquid. Capillary pressure provides the restor-

ing force which balances the turbulent pressure, and this balance determines the

amplitude and evolution of the free surface disturbances. Here, the high-wavenumber

(small scale) portion of the turbulent pressure spectrum is modelled using results for

homogeneous, isotropic turbulence. The balance of turbulent and capillary pressure

is used to calculate the high-wavenumber spectrum of the surface disturbances. The

theory shows the spectrum to decay as the -19/3 power of wavenumber, owing to

the capillary damping of the turbulent pressure spectrum. This result is in good

agreement with the measured spectra..

3.2 Experiments

A laser-based optical instrument (Figure 3-1) was used to measure the amplitudes

of fluctuations on the free surface of a turbulent water jet in air. A similar instrument

was used earlier by Tadrist et al. (1991) to measure the surface disturbances on

laminar liquid jets. A He-Ne laser beam (2.4 mW) was transformed into a collimated

sheet of light by sending it through a glass rod and a cylindrical lens (focal length,

L = 44 mm) successively. This light sheet was further thinned and focussed onto

the liquid jet by passing it through the axis of a cylindrical lens (L = 100 mm) such

that an approximately 0.1 mm thick light sheet intersected the jet perpendicular

to its axis. A collecting lens (L = 44 mm) focussed the portion of the light sheet

unintercepted by the jet onto a photosensor. The photosensor was built based on an



EG & G Vactec photodiode (VTP 8552) for a dynamic range of about 1 MHz. A 5

V dc reverse bias was applied to the photodiode, reducing the junction capacitance

to 44 pF. The vol tage drop across a resistor placed in series with the photodiode

provided a signal corresponding to the amount of laser light power incident on it.

Static calibration of the instrument, may be called a laser oscillometer, was done

by placing metallic tubes of known diameters. It showed perfectly linear voltage

variation of the measuring system with the width of the intercepted portion of the

collimated laser sheet (Figure 3-2). The rms deviation from linearity was 1% of the

full scale, i.e. of the voltage reading corresponding to the entire laser sheet. Precise

measurements of the diameters of transparent glass rods by this instrument indicated

the role of refractive index of the object to be negligible in these measurements; the

glass rods (or water jets) act as diverging lenses making the intensity of the refracted

light negligibly low some distance away from it, so that refracted light has no bearing

on the measurements.

The output of the photosensor was analyzed by a digital oscilloscope (Hewlett

Packard 54200 A/D) and a spectrum analyzer (GenRad 2512A). The oscilloscope

provided the true rms voltages over portions of the signal. Several such rms voltage

outputs were recorded to obtain the rms of the total voltage signal (AC+DC), Vtot,

at a given jet axial location. The rms of the AC component of the signal, Va,

was also recorded at each location. To measure the amplitude of fluctuations at

one point on the jet surface, half of the width of the light sheet incident on the

jet was obstructed by an optical mask so that only the fluctuations at one point

on the jet surface contributed to the fluctuations in the amount of light received by

the photosensor. V1 /2 denotes the rms of the corresponding AC signal. The voltage

signal corresponding to the entire light sheet incident on the photosensor, without

any interception, was noted as Vo. Owing to the linearity of photodetector response ,

the ratio of rms amplitude of surface fluctuations to the mean jet diameter, is simply

6
rma _ V1/ 2,., _ V1/2 (3.1)
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Figure 3-1: Optical probe for the measurement of the instantaneous amplitude of jet
surface disturbances.
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Figure 3-2: Calibration of the laser oscillometer.

The GenRad 2512A spectrum analyzer had a frequency bandwidth of dc to 100 kHz

and an amplitude bandwidth of 6 decades for the power spectra.

The same apparatus as described in Chapter 2, was used for producing the jets.

The jets emerged from tube nozzles of diameter d = 2.7 - 5.8 mm, with fully devel-

oped turbulent pipe flow upstream of the nozzle. Direct measurements of the flow

rate provided the jet Weber numbers with ±- 3% accuracy. As also observed in the

splattering study, the jet Reynolds number has only a very weak role in the jets

produced by fully developed turbulent pipe flows. Therefore, in this chapter the jet

Reynolds numbers are not mentioned in the results presented though they can be

easily calculated from the nozzle diameters and Weber numbers provided with each

data set. The range of Reynolds number here is from 20,000 to 49,000.

Each measurement of 6,,, is based on an estimated number of 1000 samples.

The actual number varied because of the sampling technique used in the oscilloscope;

ten to twelve of the oscilloscope's values of 62 were averaged, each being based on

oscilloscope samples of about 100 points. Some additional uncertainties can enter
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into the measurements when the jet Weber number and the length of the jet, z/d,

became large enough so that droplets were stripped off the jet surface and entered the

air flow around the jet. For the measurements reported here this droplet stripping

was either absent or of negligibly low amount.

3.3 Measurements of surface disturbances

Figures 3-3 to 3-6 show the rms amplitudes of disturbances on turbulent water jets

in air. To estimate the true run-to-run variability in the measurements, tests were

repeated several times for nearly identical conditions (Figure 3-3). The jet Weber

numbers for each test case were equal within the uncertainty limits of ±3%. The

rms deviation of the measurements from the second order least-squares curve fit was

0.009 which was about 9% of the maximum amplitude of disturbance, m,,/d, for

this test case. The 90% confidence intervals of the measurements according to a X2

(Chi-square) test of 1000 sample points were so small that they were nearly the size

of the symbols plotted.

Figure 3-4 shows the fitted curves for repeated measurements of 6,,,/d at two

different jet Weber numbers. Although the ranges of variability for the two data sets

overlap, the averaged curves show a dependence of the growth of the amplitude of jet

surface disturbances on the jet Weber number. This dependence is more pronounced

in Figure 3-6, comparing data having a larger difference in jet Weber number. The

amplitudes of disturbances are very small near the nozzle. As the liquid moves down-

stream the disturbances grow as the liquid free surface responds to the turbulent

pressure fluctuations in the jet stream. The disturbance evolution does not follow the

exponential growth with x/d that may be expected from Rayleigh's theory (Drazin

and Reid, 1981; Lienhard et al., 1992). It can also be seen easily from the data

that the disturbance growth rate parameter predicted by Rayleigh's theory, /VW W

cannot correlate the disturbance amplitude data for jets o f different diameters and

Weber numbers. The jet Weber number correlates the variations of the amplitude of

surface disturbances on jets of different diameters (Figure 3-7 and3-8).
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We note the similarities between the variations of the amplitude of jet surface

disturbances and the splatter fraction upon impingement as the jet moves downsteam

(Figure 2-4). Near the nozzle (x/d < 10, say) there is very little change in ý as the

jet Weber number varies from 1400 to 7600. Similarly, the variation in 6m,,/d with

the jet Weber number in Figures 3-4 to 3-6 is also very weak near the nozzle. Farther

downstream, the dependence on jet Weber number is stronger both for Sm,/d and

(. These observations prompt us to investigate any possible correlation between the

two quantitatively; such a correlation was the basic hypothesis of previous models of

splattering (Lienhard et al., 1992).

Figure 3-9 shows a reasonably good correlation between the splatter fraction,

( and the rms amplitude of jet surface disturbances. Each point on this graph is

obtained by plotting previously measured splatter fraction ý against ,,,l/d from

present experiments for water jets of same Weber number and z/d. Each set of

data for a given nozzle diameter and jet Weber number consists of measurements

at several different axial locations, x/d. This provides further evidence that the jet

impingement splattering is due to the presence of surface disturbances on turbulent

jets and governed by the amplitudes of those disturbances.

Figures 3-10, 3-11 and 3-12 show the spectra of surface disturbances for different

jets at several different axial locations. The ordinate is proportional to the power

spectrum of the free surface disturbance amplitude, G(kll) (see Equation 3.8 below)

and the abscissa is uki, where kl is the wavenumber in the direction of the jet axis,

I is the integral scale of turbulence and u is the free surface velocity. For turbulent

liquid jets, the free surface velocity reaches the average jet velocity within a couple

of jet diameter lengths from the nozzle exit (Stevens and Webb, 1991). The spikes at

very high frequencies are a reproducible noise signature of the electronics.

The log-log plots of the power spectra versus disturbance wavenumber show a

portion of very nearly linear drop in the spectral amplitude, characteristic of high

wavenumber turbulence. Except for the measurement locations very near the nozzle,

the slope of this linear portion is -19/3. This is a consequence of the kT17/3 variation

of the one-dimensional spectrum of the pressure fluctuations (George et al., 1984)
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and the factor of ki-4 introduced by the derivatives of 6 involved in the capillary force

balance equation (Equation 3.2 below). This is explained in detail in Section 3.4.

3.3.1 Variation of fluid properties

To study the effect of the variation of fluid properties, jets of approximately 10%

by volume of isopropanol in water was used, as in splattering measurements. The

surface tension of the solution was measured to be 0.042 N/m at room temperature

(21 - 27 OC). A similar pattern of the growth of the amplitude of surface disturbances,

as in water jets, is observed (Figure 3-13). Comparison of the data for isopropanol-

water and pure water jets show that the jet Weber number correlates the variation

of the amplitude of disturbances for different fluid systems (Figures 3-17 and 3-18).

3.3.2 The role of surfactants

To ascertain the role of surfactants present in a jet liquid, on the turbulent surface

disturbance evolution, experiments were carried out with jets of water with detergent

in it. As in the splattering study, approximately 0.2% by volume of a commonly avail-

able liquid soap was added to water. The measurements of the surface disturbance

evolution on the jets of such mixtures are shown in Figures 3-14 through 3-16. The

surface disturbance evolution on a surfactant-laden jet matches, withiln the scatter

in the measurements, to that on a pure liquid jet of the same Weber number when

the Weber number of the surfactant-jet is calculated based on the surface tension of

the bulk liquid and not the surface tension of the surfactant-saturated surface. This

confirms the observations of the lack of any effect of the surfactants on the general

structure of a free-surface turbulent liquid jet by Hoyt et al. (1974) in their photo-

graphic study. Their photographs show no discernible effect due to th e presence of

aerosol surfactants on water jets at various concentrations on the structure of the sur-

face waves, location of the onset of droplet formation or the rate of droplet formation

over an initial length of the jet of about 30 nozzle diameters.
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Figure 3-13: The amplitude of free surface disturbances on the
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Figure 3-14: Surfactants do not alter the turbulent jet surface disturbances. The
Weber number of the soap-water jet is based on the surface tension of the surfactant-
saturated surface. The Weber number in parenthesis is based on the surface tension
of pure water.
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Figure 3-15: Surfactants do not alter the turbulent jet surface disturbances. The
Weber number of the soap-water jet is based on the surface tension of the surfactant-
saturated surface. The Weber number in parenthesis is based on the surface tension
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Figure 3-16: Surfactants do not alter the turbulent jet surface disturbances. The
Weber number of the soap-water jet is based on the surface tension of the surfactant-
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3.3.3 The effect of additives

Some of the additives that reduce drag in turbulent pipe flow are also known

to change considerably the structure of disturbances on the high velocity free-surface

turbulent liquid jets (Hoyt et al. 1974) and reduce their tendency to break up (Bhunia

and Sonin, 1993). Tests were done with a drag reducing additive, guar, which is a

plant polysaccharide (obtained from Cyamopsis tetragonolobus). A concentration of

500 weight-parts-per-million (wppm) of guar in water was used for the solution, which

is in the range where it is most effective as a drag reducer (Hoyt 1985). The surface

tension of this guar solution was measured to be 0.052 N/m. A comparison of the

rms amplitude of disturbances on guar-water jets with pure water jets are shown in

Figure 3-19. Lack of any significant change in the amplitude of surface disturbances

may indicate a higher concentration threshold of guar additive for any change in jet

characteristics than in case of pipe flows.

3.4 A model for turbulent free surface distur-

bances

Let us consider a turbulent free surface of infinite dimensions with turbulent liquid

of infinite depth on one side of it. A rectangular Cartesian coordinate system is

positioned so that the x - y plane coincides with the mean location of the free surface

and the z axis points away from the liquid side (-z represents the depth of the

liquid below the free surface). Let 6(z, y, t) be the instantaneous amplitude of surface

disturbances above the mean free surface and p(z, y, z, t) be the fluctuating component

of pressure at any location (z, y, z). Since the pressure fluctuations on the free surface

are balanced by the surface tension, we have at z 0

p - 2 + 2 (3.2)
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Let us define Fourier transforms of 6 and p as follow:

6 = :_ A(kl, ki, t)e-i(kl•+k2Y)ddki dk2  (3.3)

and 100 00 00
p JjJ P(kl, k 2 , k 3,t)

xe-i(k1 ++k2a+ks z)dkidk2 dk 3  (3.4)

Substituting in Equation 3.2 we get,

J P(kl,k 2,k 3 , t)dk3 = r(k + k2)A(kl, k27,t) (3.5)

To describe any time-evolution of the statistical moments of 6 and p, the Navier-Stokes

equation with proper boundary and initial conditions must be used. In this model

we restrict our attention to the instantaneous relation between p and S. Specifically,

we suppose the statistics to be taken over spatial intervals large compared to the

turbulent integral scales but small compared to the axial distance over which the

surface disturbances evolve significantly. In practice, this means wavelengths of a

few jet diameters or less. Since the actual measurements are time averages taken

at a single spatial location, we are applying the usual Taylor hypothesis (Monin

and Yaglom, 1975, Vol. 2, pg. 449) to obtain the wavenumber spectrum from the

frequency spectrum with frequency = uk1 . This makes the statistics of p and 6 in

the subsequent analysis instantaneous spatial averages with each measured parameter

corresponding to its time average at any spatial location.

Assuming the turbulent pressure fluctuations to be a spatially-homogeneous ran-

dom process the turbulent pressure spectrum, F(k), is defined by

=p*p = j Lf L sF(k)tdkindk 2dk3  (3.6)

where the * indicates a complex conjugate. Assuming both 6 and p to be stationary



random functions, and multiplying Equation 3.5 with its complex conjugate, we get

2 00 00 1 )2 L F(k)dk3dk2dki (3.7)

For isotropic, homogeneous turbulence (George et al., 1984),

F(k) - 0.26p2u'413(kl)-1 3/3 , kl > 1

where u' is the fluctuating component of turbulent velocity and 1 is the integral scale

of turbulence.

Let us define the spectrum of disturbances, G(7) by the following equation:

- = 0 G(77)dq (3.8)

where, q is the wavenumber of the free surface disturbances non-dimensionalized by

the integral scale of turbulence, 1. From Equations 3.7 and 3.8 it follows that at high

wavenumbers the disturbance spectrum is

p2 '4 1-13/3 co dk3G(77) 0.26 x 27r 2 k3 - (kp + k )13/6' 7 > 1 (3.9)

where we have used the (ki, k2) + (kp, 0) Cartesian to polar coordinate transfor-

mation in the wavenumber plane with q = kpl. Upon evaluating the integral, the

spectrum of free surface turbulent disturbances is given by

G(7) 2.41 2 -19/3, 7 > 1 (3.10)

This explains the observed -19/3 slope in the log-log plot of the disturbance spec-

tra. It should be noted that this is the steepest possible slope before the Kolmogorov

scale. For free surfaces with a significant amount of shear, we should expect different

slopes at high wavenumber in the spectra of disturbances since the corresponding

pressure spectra have different slopes (George et al., 1984). Therefore, in the case of

jets, near the nozzle we should see slopes different from -19/3 at high wavenumbers.



These conclusions are confirmed by the measured spectra (Figures 3-10, 3-11 and

3-12).

3.5 Conclusions

A non-intrusive, optical technique to measure the instantaneous amplitude of sur-

face disturbances on turbulent liquid jets has been applied to obtain the evolution of

surface roughness. The surface disturbance spectrum has also been measured and a

simple theory developed for its high wavenumber decay.

* Measurements show a non-exponential (i.e. non-Rayleigh type) growth of the

rms amplitude of jet surface disturbances as it moves downstream.

* A good correlation between the amplitude of turbulent jet surface disturbances

and the fraction of liquid splattered in jet impingement is observed.

* The spectra of jet surface disturbances show that in turbulent jets, turbulent

disturbances dominate over any single-wavelength Rayleigh-type unstable dis-

turbances. The slope of the log-log plot of the spectra of disturbances at high

wavenumber is -19/3. Near the nozzle slopes are different at high wavenumbers

because of significant amount of energy dissipation by shear forces.

* Presence of a surfactant in the jet liquid does not alter the rms amplitude of

turbulent disturbances. The characteristic Weber number, for scaling the axial

variation of the rms amplitude of turbulent jet surface disturbances, even for

surfactant-laden jets should be based on the surface tension of the bulk liquid

alone.

* A mathematical model of free surface turbulence presented here, correctly pre-

dicts the observed k-'19/ 3 high wavenumber variation of the disturbance spectra.
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Appendix A

Estimation of Diffusion of

Surfactants to a Turbulent Free

Surface Excluding Reentrainment

Effects

The flux of surfactant reaching the free surface is given by:

j = hDm, (A.1)

where, hD is the coefficient of mass transfer to the free surface. Note that m', the

mass fraction of the surfactant species away from the free surface, taken to be same

as the bulk mass fraction of the surfactant, is used as the mass transfer driving force.

Under this model, we assume that the free surface captures all the solute molecules

that reach it, resulting in a near zero concentartion of solute in the liquid at the

interface. This should provide a conservative or under estimate of the time (or the

distance from the nozzle exit) that it will take for the free surface to reach a desired

surface concentration. To calculate the coefficient of mass transfer to a turbulent free



surface we use the correlation developed by KShler (1993):

Sh 4 = 1 +0.4 Re Re.sSco.s (A.2)

where, Sht = hDl/pV is the turbulent Sherwood number, Ret = u'l/v is the turbulent

Reynolds number, Re* = 800, Sc=v/VD is the Schmidt number, I is the integral scale

of turbulence, V is the diffusion coefficient of the surfactant-liquid mixture and v is

the liquid kinematic viscosity.

The surface concentration of the adsorbed monolayer of surfactants at a distance,

x from the nozzle,
X X

J = j = Sht•co (A.3)
Uf I Uf

Therefore the distance from the nozzle exit at which a certain level of surface con-

centration, J is reached is given by:

SJJl uf
S Jlu= (A.4)

d Shtc,. d

Sodium dodecyl sulfate [CH3(CH 2)ulSO 4Na] is representative of the type of sur-

factants used here. It requires a surface concentration of the order of 1 mg/m2 to

lower the surface tension by about 50%. We estimate, I - 0.5d, u' - 0.04uf, ~D

10-9m 2 /s, V , 10- 6 m2/s and mo, 2 x 10 - 3. Therefore for the two cases of

surfactant-laden jets in Figure 2-11, to reach J - 10-6 kg/m 2 , z/d has to be of the

order of 3-4.



Appendix B

Mathematical Model of Surface

Disturbance Evolution on a

Turbulent Liquid Jet in Gas

Turbulent disturbances dominate the surface structure of a turbulent liquid jet in

air, especially near the nozzle. Turbulence provides an initial spectrum of disturbances

present in the jet. The growth rates of surface disturbances on these jets are given

approximately by Rayleigh's analysis. Following the same approach we can analyse

the jet from a reference frame moving with the mean axial velocity of the jet. In this

frame the incompressible Navier-Stokes equation for the jet becomes,

82
V2P = -p (u•u') = -pf(X, Y, , t) (B.1)

where P = p - o/a; p, and a are the instantaneous static pressure, surface tension

and the undisturbed jet radius, respectively, and u- is the fluctuating component of

the velocity.

The turbulent pressure field and hence the term on the right hand side of Equa-

tion B.1 can be considered "frozen" in time if the frequency of pressure fluctuations is

much smaller than that of the oscillatory/unstable velocity modes. This is expected

to hold only over a part of the spectrum of turbulent disturbances as will be shown



later.

For small amplitude of disturbances the linearized boundary conditions at r = a

are,

Kinematic:
86

' =(B.2)

Pressure continuity:

1- - 82, • (B.3)
( a2 x -02

Dynamic:
u" - p .O(u'u )  

(B.4)
at p Or Or 8i

where 6 is the instantaneous height of surface disturbance above the undisturbed

radius and r measures the radial distance from the jet axis which is chosen to be

along the x direction. The dynamic boundary condition assumes an inviscid flow.

Equation B.1 has been solved, neglecting the second term on the right hand side of

Equation B.4. Using that result an evolution equation for the rms value of the surface

disturbances can be found based on isotropic turbulence. Assuming 4% turbulence

intensity, the solution is valid for

Wed < 2 x 10491(ii(7 + m2 - 1) (B.5)

where 71, = k1 a; kl being the wavenumber of disturbances in the axial plane of the

jet, m(= 0,1,2.......) stands for the disturbance modes in the radial plane of the jet.

For most of the turbulent disturbance spectrum qii 2 1. This estimate is derived by

comparing the time scales of the most energetic turbulent eddies and of the growth

rates for the corresponding wavelength of disturbances.



Details of the analysis

Equation B.1 can be written as,

ra + + =+i -pf(+,y,z) (B.6)r r r Or r202 0x2

As explained before, the time dependence of the function f can be neglected only for

those disturbance wavelengths at which the disturbance growth rates are faster than

the pressure fluctuations. The range of validity of this assumption is given by Ineqal-

ity B.5. Here both (r, 0) and (y, z) coordinates are used on the plane perpendicular

to the jet axis such that y = r cos 0 and z = r sin 0.

Expanding both P and f in Fourier integral-series,

(x, y, z, t) = E A(ki, r, m,t)e-imee-iki dki (B.7)
A 7m0--oo

f(, y, z) = L B(ki, r, m)e-imoe-ikadki (B.8)

and substituting in Equation B.6 we get,

1r \ r ( l T2 + k) A(k, r,m,t) = -pB(ki,r,m) (B.9)

Since A(kl, 0, m, t) is non-singular,

A(kl, r, m, t) = i4(kl, m, t)Im(kir)

+ fo pB(ki, , m)([Im,(klC)Km(kIr) - Km(kiC)Im(klr)]dC (B.10)

where Im and Km are modified Bessel functions. The particular solution is obtained

by the method of variation of parameters using the result that the Wronskian of I,(r)

and Km(r) is -1/r.

Now we expand b in Fourier integral-series

6(X,7,t) = L C(kI,m,t)e-imse-ik dki (B.11)_0M=-_00



Substituting it in Equation B.3 and using Equations B.7 and B.9 we get,

-o ( - C - C(ki,m,t) = A(kli,a, m,t) = t(ki, m,t)1I.(kia)

+ fo pB(ki, C, m)C[Im,(kC)Km,(kir) - Km(kiC)Im(kir)]dC (B.12)

As an approximation, let us simplify the dynamic boundary condition (Equa-

tion B.4) by neglecting the contribution of the Reynolds stress gradient at the jet

surface to the acceleration of the fluid on the surface. This assumes the acceleration

of the fluid on the jet surface to be due to pressure fluctuations, both turbulent and

oscillatory, only. Combining it with the kinematic boundary condition (Equation B.2)

we get at r = a

0-2 -  l- (B.13)
0t2  pOr

Eliminating i between Equations B.10 and B.12, A(k, r,m,t) can be expressed

in terms of C(kl, m, t) and some known functions. Taking the Fourier transform of

Equation B.13, as defined by Equations B.7 and B.11, and using the expression for

A(kl, r, m, t) mentioned above we obtain the equation governing the growth of each

Fourier component of surface disturbances,

S+ qC = q2  (B.14)

where,

q1 = 0(r-1 m2 - 1) (B.15)
Pa3 1,(91)

and

Sq2=oCB(ki , , m)I,(ki )dC (B.16)aI , (71) fo
Therefore,

C(k,m, t) = al cos(JVt) + bl sin(v.gt) + q (B.17)

Using the initial conditions, 6(z,0,0) = (x,,0,0) = 0 we obtain C(kl,m,O) =

C(kl, m, 0) = 0 from Equation B.11. Using those values in the above equation we

obtain an expression for C(kl,m,t). Substituting that expression back into Equa-



tion B.11 we get,

6(Z,e,t) = O m 2 sin'(~/t/2) q2e-im'e-ika'dk, (B.18)
6-9 m=-oo 0q

Taking the ensemble average of the product of 6 and its complex conjugate,

*6 = T2 0 E 4sin( z/u,)
1 q

X2 CC•l lB *(k l •C, m ) B ( k ', Cl, m )Im, (k l )I m ( k(i C )dBdC k1O B .19)

Time t, as measured in the moving frame, is replaced by z/u1 in the above equation

since the frame moves with velocity, uf.

Evaluation of B*(kl, C, m)B(kl, (1, m)

Let us consider two points in the turbulent flow, f - x,y,z) { =_x,C,8) and

X _= {xl,yl,zl} = {xl,C1,0}) such that X - {xz',y,z'}) (J',C',0'}. Here

{ x, y, z} and {z, C, 8e describe the coordinates in cartesian and cylindrical systems re-

spectively. Therefore y = C cos 8, z = C sin 0 and so on. Now assuming the turbulence

to be homogeneous f(x, y, z) becomes a stationary random function. Therefore,

o oo

= f*( )f( * )
=l 2o on 2F(k)e-ikzz'-i{k2(y -y)+k3(zl-z)} dOkk dk dk

poo-'-00 2

= ' I J1o 2F(k)e-ikh'e - ik" {cosOA(1 cos01- cosO)+sinOk (1 sin 1-C sinO)}dOkkldk dk1

Assuming an isotropic turbulent velocity field, F(k) is the isotropic spectrum function

of the correlation function f*(X))f(X 1 ). The wavenumber k = I k1. The wavevector k

can be resolved into components kl, k2, k3 corresponding to z, y, z directions respec-

tively or into components k1 , k1 , Ok corresponding to xs,r, O directions respectively.



Therefore from the above equation,

E B*(k, ,m)B(kx, C, m)e- ime' = j 2 ,F(k)e-ik±{L cos(Oe-sl)-Ccos(O9-O)}dOkk±dk±

(B.20)

The left hand side of the above equation being a Fourier series,

B*(k 1, C, m)B(k,, C, m)

2i fo fo fo
- 1 100 j2 1 F(ck)e -ik -{1 cos(&-o-o')-C cos(9,-9)}+im ' de'dekk±dk
=- 1,/0j2f F(k)eik cos(O&-G)-im(9k-9) -ik± CiCcOs(O'+6-0k )+im(6'+e-9O) dO'd0kk± dk±

oo 2w
= iJMo fo2F(k)eik-LC 'c(Ok"-)-im(o"-O)Jm(-kCll)dOkk±dk±

= 27r fo F(k)Jm((kiC)Jm(kilC)k±dk± (B.21)

since f2S eime+iscosedO = 2jrimJm(s), where J, is a Bessel function of first kind.

Therefore,

ja 'CCiB*(ki, , ,m)B(k, •, m)Im(kCl)Im(kClx)dC(dC

=j27rF(k)k [(Jm(kC)Im(kiC)dC]2dk± (B.22)

Evaluation of F(k)

Following the analysis of Batchelor (1953) and George et al. (1984) we can obtain

an expression for F(k). Let us define the Fourier transform of the two point, fourth

moment of velocity as follows:

U•(.)uj( )u-(-')u -(-') - U = J Fij(k.l(U)etk(XI )dk

(B.23)

where the integral is taken over the entire wavenumber space. The second term on

the left hand side of the above equation being constant in a homogeneous turbulent



"( {u)'(x')u(X')} =- f kkjkkklFij, k()e-i'( B.24)dk
(B.24)

As shown by Batchelor (1953, pp. 180),

(B.25)
sin4 -4

ic- 4o14d '

Comparison of this equation with Equation B.24 provides us with an expression

for the rms amplitude of the turbulent liquid jet surface disturbances

o00 00m=-oo

sin4 ( sd)
V ed/dL(71)dvll (B.26)

(B.27)

7(10)77 [f1 OJm(7q)I)m(lqo)d] d77 (B.28)

where, F(k) = -(q).

An expression for F(k) given by George et al. (1984), is mentioned in Section 3.4.

field
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ki;kkkklFid,kl k 287r2

= Wed
d

Ufa(u 2

where, y = ka, •q = kla and ~± = kia i.e. 71= 12 + qi ,

and

S = ?71(?1 + m2  1- 1)
Im(??1)

I

f E(k')E(lk-

a 00=~6


