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Abstract

A series of experiments were performed in order to investigate how fine particles
are resuspended from a surface once they are adhered to the surface through van
der Waals interactions. Model spherical particles were generated, deposited on well-
characterized substrates, and exposed to various types of forces. Impulsive forces
were applied to the particles using impacting particles and impinging shock waves,
and steady shearing forces were applied by impinging gas jets and a laminar channel
flow. In each case, the threshold conditions to resuspension were determined by
optically monitoring particle removal from the substrate. Particles of various size
and material properties were considered. Resuspension thresholds were reproducible
and unambiguous in the model experiments.

The threshold to resuspension of the model spheres exposed to impinging gas
jets was evidenced by abrupt changes in removal efficiency at specific locations.
An analytical method to solve the flow field produced by an impinging jet was
developed in order to calculate the shear stress experienced by the particles at the
threshold locations. An inviscid model of normal jet impingement provided the free
stream conditions for the ensuing boundary layer analysis. Calculated shear stress
distributions using the model agree with previous measurements.

Theoretical descriptions of the resuspension mechanisms were inferred from the
observed resuspension thresholds. Such an undertaking involves the combination
of existing equilibrium adhesion models and the kinetics of aerodynamic or particle
collisional interactions. Resuspension models based on equilibrium adhesion theories
did not accurately describe the observed size dependence of threshold applied shear
stress, or the effect on resuspension of force duration. A kinetic model was developed
to qualitatively describe these observed trends.

The particle removal techniques were applied to a study of particle sampling from

explosive fingerprint transfer deposits and fingerprint simulations. A crude sampling
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system consisting of an impinging gas jet and a suction tube/filter assembly was
calibrated with model composite spheres made from a mixture of polystyrene and
2,4 6-trinitrotoluene. Observed removal and collection efficiencies were related to the
results of the model experiments. It was found that calibrated sampling systems

could be used effectively to test the accuracy of fingerprint simulations.
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Chapter 1 Introduction

Particle resuspension from surfaces is relevant to a wide range of industrial and
environmental processes. In arid regions, the entrainment of coarse dust particles by
wind initiates the formation of dust storms, which are fueled by the coarse particles
falling back to the ground and causing fine particle resuspension through impaction.
Once released from the ground, the fine dust particles can be transported through
the atmosphere, affecting local sea surface temperatures and overall climate. In
many cases, the removal of particulate contamination from surfaces is essential. In
the semiconductor industry, the presence of contaminant particles on silicon wafers
ultimately reduce product yield. Planned life detection missions to Mars will rely on
the assumption that the Mars rover and surface samplers can be completely cleaned
of particulate matter from earth, so as to prevent contamination of a Martian soil
sample with biological molecules from earth. The main motivation of the present
study is the need for an efficient particle sampler for subsequent vapor analysis.
Due to the alarming number of recent terrorist attacks on civilian targets using
explosives, the development of an efficient explosives detector has become a top
priority throughout the world. The near inevitable transfer of explosive particulate
matter through fingerprint transfer makes it possible to detect concealed explosives
through the efficient sampling of particles from surfaces.

Particles adhere strongly to surfaces through a combination of molecular interactions
and mechanical stresses. Descriptions of particle resuspension processes must incorporate
the effect on the particle/surface system of an applied force. Disagreement between
theories describing equilibrium particle adhesion to surfaces has made the incorporation
of an applied force into the equilibrium theories difficult. This thesis presents an
experimental and theoretical investigation of the forces associated with particle
resuspension and the possible detachment mechanisms. In order to enable theoretical

descriptions, experiments were performed using model particles. The generation of
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the well-characterized particles is described in Chapter 2.

Chapter 3 presents an experimental study of particle resuspension induced by
particle impaction through exposure of a particle laden surface to a particle laden gas
jet. Threshold conditions leading to impaction induced resuspension are determined.
A simple equilibrium model describing this type of resuspension is presented. Chapter
4 presents an experimental study of particle resuspension induced by impinging
shock waves. Particle removal patterns indicated that shock strength decay could
be described by a simple point source model.

Chapters 5 and 6 investigate particle removal under gas jets impinging the surface
at normal and oblique incidence, respectively. Particle removal was found to scale
with applied shear stress. The location of the threshold shear stress was evidenced
by an abrupt change in particle removal efficiency. In this way monosized spheres on
well-characterized surfaces could be used as shear stress sensors. In order to quantify
the shear stress at the threshold locations, the shear stress distribution under an
impinging jet needed to be calculated. The impinging jet flow field was, therefore,
modeled as an inviscid flow coupled with a boundary layer. The inviscid flow solution
is presented in Chapter 7. Solutions to the stream-vorticity equation are developed
for arbitrary influx velocity profiles. The inviscid solution provides the free stream
conditions necessary to solve the boundary layer equations along the impingement
surface. The boundary layer analysis is presented in Chapter 8. Results are compared
to previous measurements of the wall shear stress distribution under various impinging
jet configurations. Experiments utilizing monosized spheres were used to extend the
derived wall shear stress distribution to compressible jets.

The knowledge of the wall shear stress distribution under a jet impinging at normal
incidence facilitates the direct measurement of threshold shear stress for microspheres
of various size and materials, as presented in Chapter 9. It was observed that threshold
shear stress is much more sensitive to particle size than predicted by equilibrium
adhesion theories. Furthermore, particle resuspension was found to occur over a
period of time, the duration of which is dependent on the magnitude of the applied

shear stress. Therefore a kinetic model of particle detachment, based on the principles



of contact mechanics, is presented.

Chapter 10 applies the experimental techniques developed in the previous chapters
to the characterization of particle resuspension from a fingerprint deposit of C4
explosive and a fingerprint simulation. The observed differences between the two
deposits are explained within the context of conclusions drawn from the present study.
The ability to quantify differences between fingerprints and fingerprint simulations is

essential to the development and testing of efficient explosive detectors.



Chapter 2 Particle Generation

2.1 Introduction

The generation of smooth, spherical, and monosized particles is the most critical
aspect of the present study. Quantification of forces associated with the resuspension
of small particles from surfaces requires uniform distributions of well-characterized
particles on a clean flat substrate. Since particle and substrate roughness can greatly
affect adhesion [1, 2], it is important to keep the particles and surfaces as smooth
as possible so that adhesion forces can be accurately calculated. Also, the ability
to produce particles of varying size and material properties enables experimental
determination of the effect on the resuspension threshold of parametric variation
and, thus, theoretical modeling of resuspension processes. The vibrating orifice
aerosol generator (VOAG) allows for satisfaction of all of these criteria, since smooth
monodisperse spheres are created from solution droplets. The spheres can be made of
any material that is soluble in a solvent with low enough viscosity that the solution
can be forced through a microorifice. The size of the resulting spheres depends on the
initial solution concentration. The solution of known concentration is forced through
a small orifice - typically between 5 and 100 um - resulting in a fine, steady jet of
solution. Jet instability is induced through sinusoidal vibrations of the orifice at a
constant frequency. For certain well defined frequencies, the jet will break apart into
equal sized droplets of solution [3]. If these droplets are dried slowly enough, the
remaining particles will be smooth and spherical. The diameter of the droplets, Dy,

is given by:
6C)
nf

where f is the vibration frequency, and @) is the solution flow rate through the orifice.

W=

Dy = (—)3, (2.1)

Since the volume concentration, C, of the solution is known, the final dry particle



diameter is easily calculated, e.g.,

D, = DyC5. (2.2)

2.2 Apparatus

The particle generator employed throughout the present study is a VOAG that is
specially designed to work with organic solvents. The generator was constructed for
a previous study [4] to synthesize and pyrolize glassy-carbon spheres, and has been
slightly modified for the present study. As shown in Fig. 2.1, it consists of a droplet
atomizer, a view region, a 2 meter long drying column, and a sampling port at the

bottom of the column.

2.2.1 Atomizer

Equal sized droplets of a given solution are produced in the atomizer. The solution
is forced through a small orifice, 50 um in diameter, using a pressure feed system.
Unlike in typical vibrating orifice aerosol generators, jet breakup is not induced by
vibration of the orifice. Rather, a piezoelectric crystal/shim assembly creates the
mechanical vibrations, which are subsequently transferred to the jet acoustically
through the solution reservoir behind the orifice. The piezo vibrations are caused
by direct application of a sinusoidal voltage with a 10 Volt amplitude across the
crystal using a function generator. The piezoelectric crystal is shielded from the
organic solvent by the shim, preventing damage to the crystal and the adhesives used
to attach the crystal. A dispersion gas flow, applied to the jet just as it exits the
orifice, helps to reduce coagulation of the droplets and should ideally minimize the

presence of doublets in the final sample.
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Figure 2.1: Schematic of monodisperse aerosol generator.
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Figure 2.2: Visual check of monodispersivity.

2.2.2 View Region

The view region allows for a visual check of the monodispersivity of the droplets
during generation. This is achieved by introducing a gas jet perpendicular to the
liquid jet and observing the deflection, with the droplet dispersion gas flow turned
off. Upon deflection, a monodisperse stream will remain a fine line, whereas a
polydisperse stream will resemble a spray (see Fig. 2.2). Once the vibration frequency
is adjusted so that monodispersivity is achieved, the deflection flow is turned off, and

the dispersion flow is turned on allowing particle generation to resume.

2.2.3 Drying Column

The dispersed droplets are carried by a dry nitrogen sheath flow through the heated
drying column. The sheath flow is introduced at the top of the column through an
annular inlet. The sheath flow rate was monitored by measuring the pressure across
20 cm of straight 1/4 inch copper tubing before the entrance to the drying column.
Since the final particle roughness is highly dependent on the drying time of the droplet

[5], a reasonable temperature control in the drying column is essential. The required
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temperature is dependent on the solvent used, the sheath flow rate, and the liquid
flow rate through the orifice. Due to the many variables, some trial and error was
involved in determining the adequate drying conditions for each solvent. The column
was wrapped with three flexible fiberglass electrical heating tapes spanning 18 feet,
and the temperature was controlled using an Omega 6100 temperature controller.
Typical drying temperatures ranged from 50°C for alcohols, to 100°C for water or

toluene.

2.2.4 Deposition

After drying, the particles are allowed to settle on an appropriate substrate - usually
a glass slide or scanning electron microscope (SEM) stub. The substrates are placed
in a sampling port that can slide in and out of the path of the particle laden sheath
air exiting the drying column. The port is sealed on both sides with o-rings, and
allowed to slide along the o-ring seals with the application of a generous amount of
vacuum grease. A new sampling port was built and installed into the previous setup
[4] in order to deposit particles directly onto SEM stubs, which require more clearance
than glass slide substrates. The sampling region is located several inches below the
heated drying region and is easily kept at room temperature to avoid any thermally
induced alterations to the particles as they sit on the substrate during deposition.
For a single set of substrates, sampling usually lasts 15 minutes, resulting in particle

densities of a few hundred per square millimeter.

2.3 Procedure

The solution is forced from a solution reservoir through about 5 feet of 1/8 inch
OD polyethylene tubing and into the atomizer using the pressure feed system. The
disadvantage of using a pressure feed system instead of a conventionally used syringe
pump is the uncertainty in the liquid flow rate into the atomizer and through the
orifice. Consequently, in order to make particles of known size, there is some trial

and error involved in determining the liquid feed rate. The advantage, however, is that
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instead of a syringe, an arbitrarily large reservoir of solution may be used allowing
particle generation to continue for long periods of time. The solution reservoir used
throughout the study could contain close to 150 mL of solution. The pressure applied
to the solution reservoir was provided by a dry nitrogen cylinder and adjusted using
two pressure regulators. The first pressure regulator was set to 15 psi (the high
setting), and the second was set to a lower pressure (the low setting) that was
dependent on the desired solution feed rate through the orifice. A Swagelok T-fitting
placed between the two pressure regulators and a three-way ball valve (see Fig. 2.3)
were used to provide instantaneous high or low adjustment of the pressure applied to

the solution reservoir.

low high

T @ —

3-way bal Ivalve

solution
r esevoi r N2 gas
cylinder
to
at omizer
A

Figure 2.3: Solution pressure feed system.
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The high pressure is initially applied to purge the system of air bubbles. Once
the liquid feed system is free of air bubbles, the drain is plugged using a ball valve
forcing the solution through the orifice. Once the jet is started, the applied reservoir
pressure is immediately decreased to the low setting (typically 2 to 5 psi). Due to
surface tension of the solvent, higher pressures are required to initiate flow through
the orifice than to maintain a sufficiently strong jet. With the dispersion gas flow
turned off, the deflection gas flow is turned on and the frequency of the mechanical
disturbances applied to the jet is adjusted using the function generator, until the
deflected jet appears monodisperse. Once monodisperse droplets are produced, the
deflection gas flow is turned off, the dispersion gas flow is turned on, and sample
generation is allowed to continue until the reservoir runs out of solution. One full

reservoir can typically last for five 15 minute sampling periods.

2.4 Sample Quality

Figs. 2.4 and 2.5 exhibit sample size distributions of nominal 6.8 ym and 8.2 um
particles, respectively. These size distributions were obtained optically by a method
described in Chapter 9. Note the presence of a smaller peak corresponding to doublets
in both distributions. Although the number of doublets is minimized by the dispersion
gas flow, it was observed that they could not be completely eliminated. Excessive
increases in the dispersion gas flow rate resulted in droplet breakup and, thus, a
polydisperse sample. Fortunately, the presence of doublets did not affect the results of
the presented experiments, since the threshold conditions to resuspension of doublets
and singlets are considerably different.

The model materials chosen for the resuspension experiments exhibited various
mechanical and surface properties. In order to fabricate smooth spheres from these
materials, the operating parameters of the particle generator needed to be adjusted
based on these material properties as well as the solvent used for dissolution of the
materials. Optimal parameters were not found for some of the materials, which then

had to be eliminated from the experimental investigations.
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2.4.1 Ammonium Fluorescein

The easiest spheres to produce were made from ammonium fluorescein dye, prepared
by reacting fluorescein with ammonium hydroxide as described by Vanderpool and
Rubow (1988) [5]. The reaction was allowed to occur in isopropanol, a much easier
solvent to work with than water in these studies. It was found that smooth particles
were achieved for a wide range column temperatures from solutions of ammonium

fluorescein and isopropanol.

2.4.2 Sodium Fluorescein

The sodium salt of fluorescein is very soluble in water and solutions are quick and easy
to make. Therefore, particle generation was attempted from solutions of water and
sodium fluorescein. The resulting particles appeared smooth and spherical, but turned
out to be so hygroscopic that they would soften in the laboratory air within seconds of
exposure. A simple test was used to confirm that softening was occurring and, later,
to check whether particles had dried completely after removal from the sampling port.
Particles were pushed around the substrate under an optical microscope using the tip
of a needle. It was observed that particles that had softened or had not yet dried

completely would smear, whereas dry, solid particles would remain intact.

2.4.3 Polystyrene

Since the effect on the resuspension threshold of elastic modulus is of interest, molecular
weight standards of polystyrene were used. Molecular weight has a much stronger
effect on elastic properties of the glassy polymer than on surface energy allowing the
effect of elastic modulus variation to be observed directly. Smooth, solid spheres
were produced from solutions of toluene and molecular weight standards as low as
2,360 amu and as high as 216,00 amu. Higher molecular weights yielded particles
that were very rough and not spherical. Optimal conditions could not be found for
the higher molecular weight polymer. Polystyrene with molecular weight lower than

2,000 amu is no longer glassy at room temperature, and was therefore not used in
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the presented model experiments. Nevertheless, molecular weights under 4,000 amu

exhibited viscoelastic effects, as discussed in Chapter 9.

2.4.4 Other Materials

Other materials used for resuspension experiments included 2,4,6-trinitrotoluene (TNT)
(see Chapter 10) and various densities of polyethylene and polyisobutylene. Toluene
was used to dissolve all of these materials. TNT particles were found to maintain
sphericity when placed in a polymer matrix (polystyrene was used for this purpose).
Polyisobutylene and polyethylene yielded high quality particles, but only under 5 pm

in size, due to solubility limits.
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particle generator.
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Chapter 3 Particle Resuspension by

Particle Impaction

This chapter presents an experimental and theoretical study of the resuspension of
a particle induced by the collision with an impacting particle. The motivation for
this study stems from success reported in removing fine particles from silicon wafers
using a cryogenic cleaning technique [6, 7]. Compressed carbon dioxide or argon gas is
rapidly expanded through a nozzle so that solid particles form within the gas stream.
The nozzle is directed at the contaminated surface and the cryogenic particles impact
the fine contaminant particles such that enough energy is imparted to the adhered
particles to knock them off of the surface.

An experiment, similar to that conducted by John and Vethi [8], has been designed
to probe the threshold parameters in the impaction and subsequent resuspension of
microspheres. These parameters include the speed and incident angle of the incoming
particle, the size of the target particles, and the hardness of the target particle and
surface. The results obtained here and in the previous work [8] will be used in the

development of a model to describe particle resuspension caused by particle impaction.

3.1 Experimental Setup

The apparatus used in this study is displayed in Fig. 3.1.

The system consists of a TSI Berglund-Liu vibrating orifice aerosol generator, a
KR-85 neutralizer, a plenum, and an impaction chamber specially designed to allow
for particle laden jet impingement with variable angle of incidence (see Fig. 3.2). The
particle laden flow is produced by the vibrating orifice aerosol generator, which ejects
monosized solution droplets into a 40 L/min flow of clean, dry air. The droplets are

dried and decharged in the neutralizer and held in the plenum before being carried
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into the impactor through a well defined glass nozzle. The impaction nozzle is a 5.5
cm long glass tube (1/4 in. OD) with an inside diameter tapered down to 1.5 mm at
the nozzle exit. The nozzle exit was placed at one jet diameter above the impaction
surface, and the incidence angle was held constant at 90 degrees throughout the
experiments. The impaction surface is mounted on a solenoid-controlled retractable
rod. The flow through the nozzle is monitored by measuring the pressure drop through
the nozzle, and can be adjusted by varying a by-pass gas flow into the impaction box.
The impaction chamber output flow is led directly into a Climet model 226 optical
particle analyzer, which requires an influx flow rate of 7 L/min. Excess flow is vented
through the plenum. Within the particle analyzer, the flow is illuminated by a white
light source. The light scattered by a passing particle is detected within the analyzer
by a photomultiplier tube, which creates a single voltage pulse whose amplitude is
related to the particle’s size and index of refraction. If two sizes of particles are
monitored by the Climet, two pulse amplitudes can be detected, and will appear as
two peaks in a pulse height analyzer. In this way, the impacting particles and adhered
particles are distinguishable. The Climet 226 has a feature that allows the user to
place two voltage windows - one high and one low - on the output. If a particle
creates a pulse that falls into one of these windows, a single 5 volt pulse is emitted
from the appropriate port (high or low). These pulses are counted by a simple data
acquisition routine on a PC. By monitoring these pulses for various jet exit velocities,
information can be obtained about the threshold parameters associated with particle

resuspension.

3.2 Procedure

A uniform dusting of monodisperse particles, generated as described in Chapter 2,
is allowed to settle on the appropriate substrate mounted on an SEM stub. The
stub is then mounted onto the rod inside the impactor and secured with a set screw.
Initially, the impaction surface is retracted and the vibrating orifice aerosol generator

is disabled, while the flows are set to obtain the desired jet exit velocity. In order
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to eliminate the effect of blow-off of loosely bound particles during the knock-off
experiments, the surface is initially exposed to the clean air jet once the flows are
set. Typically, a few particles were counted in the first few seconds of exposure to the
clean jet, but none afterwards. The surface is once again retracted from the path of
the jet, and the impacting particles are introduced into the flow. Once the particle
stream is counted, the coated surface is rapidly moved under the particle laden jet,
allowing impaction to occur. Impacting and resuspended particle count rates are

measured for various nozzle velocities.

3.3 Results

3.3.1 Chamber Response

The response of the impaction chamber to instantaneous changes in the particle
density of the flow was measured. A particle laden flow was introduced through
the nozzle and allowed to impact on an SEM stub coated with vacuum grease. Since
all of the particles stuck to the greased stub, almost no particles were counted by
the analyzer. The stub was withdrawn from under the nozzle very quickly to create
a near instantaneous increase in particle flow through the impactor box. Once the
particle count rate stabilized, the greased stub was quickly moved under the jet again.
Figure 3.3 shows the box response to two of these events occurring in succession. The

response time is on the order of one second.

3.3.2 Resuspension Rate

Results were obtained for the case of 3.0 um ammonium fluorescein spheres impacting
a surface laden with a uniform distribution of 7.2 ym ammonium fluorescein spheres.
Although experiments were run with polyvinyl chloride (PVC) and glass substrates,
only those run with the PVC substrates gave meaningful results, since the particles
on glass substrates were easily resuspended when exposed to a particle-free air jet.

The substrates were epoxied to aluminum SEM stubs and wiped with acetone a few



20

600 LI rTrrrrerria LI L)
Q 500
3 X
© -
:"g/ 400
5 C
& i
= 300
s
3 -
© i
5 200
= X ]
[T - i
100 l
-vw | L IIIIIJI IIIII-

120 160 200 240 280 320

Time (sec)

Figure 3.3: Impaction box response to instantaneous changes.

hours prior to being coated with particles. The coated substrates were subsequently
allowed to sit in a dry box for one night after coating. Surface particle densities of
1000 particles per mm? were needed to achieve a good repeatable knock-off rate.
Figure 3.4 displays the count frequency of the larger 7.2 um particles in the outflux
flow versus time. This is equivalent to the knock-off rate from the substrate induced
by collision the smaller impacting particles. This particular plot was obtained with a
jet pressure of 4.2 inches of water, which corresponds to a Stokes number of St = 1.17,

where

St = 'OiCZVO—Dg, (3.1)
18R,

and p, is the particle density, C is the slip correction factor, V, is the gas velocity at

the nozzle exit, D, is the impacting particle diameter, 4 is the gas viscosity, and R;

is the nozzle radius. As expected, the knock-off rate falls off steadily as the target

particles are being depleted.
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Figure 3.4: Particle knock-off rate at St = 1.17.

Fig. 3.5 exhibits a sample removal pattern on the PVC substrate after 5 minutes
of exposure to the particle laden jet. A ring, approximately the same diameter as the
jet exit, of remaining target particles is evident in the center of the removal region.
Initial impaction of the 3.0 um particles occurred within this ring. Removal of the
target particles outside of the ring must have been caused by the collision with either
3.0 um particles that bounced within the ring and then reimpacted outside of the ring,
or 7.2 pm target particles that were knocked off the surface from within the ring and
then impacted the surface outside of the ring. Both of these explanations suggest that
resuspension caused by a collision can be induced by the transfer of momentum which
is predominantly tangential to the surface, since particles reimpacting outside the
ring must have a significant tangential velocity component. This point is important
to understanding the mechanics of impaction-induced resuspension, as the mode of

incipient motion is partially determined by the direction of the applied force.
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Figure 3.5: Observed particle removal pattern after 5 minutes of expsoure to particle
laden jet (St = 1.17).

3.3.3 Resuspension Threshold

The knock-off rate during the first minute of jet exposure was measured for nine test
samples, varying the jet exit velocity for each sample. The threshold Stokes number
for particle resuspension was determined by extrapolating the value of v/St that
would yield an initial knock-off rate of zero. Figure 3.6 displays the impaction data
plotted as initial count rate versus v/St. A critical Stokes number of St = 0.54 was
extrapolated from the data. This value is in good agreement with the previous study
[8], where a critical Stokes number of St = 0.65 was measured for the impaction of 3
micron ammonium fluorescein spheres on 8.6 micron ammonium fluorescein spheres
adhered to a polyvinylfluoride substrate.

To enable comparison with model results, it is necessary to estimate the velocity
and angle of incidence of the impacting particles at the instant of collision with the

target particles for the extrapolated Stokes numbers. Both the impact velocity and the
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Figure 3.6: Initial knock-off rate, normalized to 1000 incident particles.

angle of incidence will depend on the initial location of the impacting particle within
the jet nozzle. However, since threshold resuspension is being considered, it is only
necessary to consider the trajectories of those impacting particles that will be the first
to initiate resuspension. Based on the evidence in Section 3.3.2, these particles should
have the greatest tangential momentum component, and must therefore include only
the particles that pass close to the edge of the jet nozzle and impact the substrate at
the shallowest angles of incidence.

Since the jet exit is located only 1 jet diameter above the surface in this study
and less than 1 jet diameter in the previous study [8], then turbulent mixing can be
neglected and the flow field can be approximated with the potential stagnation flow

solution:
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Given this flow field, the governing equations for the motion of particles are [9)

Ld2r dr
St W + % =T (34)
d?z  dz T
et e 9y .
St e + 7 z Vog, (3.5)

where a coordinate system is chosen such that z is vertically upward, r is radially
outward, and the origin is located at the stagnation point. In Egs. (3.4) and (3.5), g is
the gravitational acceleration, V, is the jet exit velocity, V, is the 7 component of the
fluid velocity, V, is the z component of the fluid velocity, and all lengths and velocities
are nondimensionalized with R; and V,, respectively. Time is nondimensionalized
with the characteristic time, 7, which is defined:

DyppC

Here, the Stokes number is defined in terms of the jet diameter, D;:

(3.7)

The solutions to Egs. (3.4) and (3.5) for a particle initially located at the edge of

the jet nozzle were given by Flagan and Seinfeld (1988) [9] to be

r(t) =e? [cosh(pq) + ésinh(pq)} , (3.8)
__11 p , 1 [1—47 o N, U 3.9
(1) = 30— e coslpd) + 5 (15T vt esino) + 5 (09)

where p = t/(45t*), ¢ = V1 + 8St*, ¢’ = v/16St* — 1, and v, = —7¢/V,. Using these
equations, the trajectories of the impacting particles that initiate resuspension can be
easily calculated for the extrapolated threshold Stokes numbers. These are displayed
in Fig. 3.7. The impaction velocity and angle of incidence are calculated to be
11.1m/s and 45 degrees for St = 0.65, and 10.0m/s and 38 degrees for St = 0.54. In

the following section, a model is presented that allows for prediction of the threshold
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Figure 3.7: Calculated particle trajectories for St = 0.54, 0.65.

impact velocities given these incidence angles.

3.4 Knock-off Model

The first step to predicting the threshold impaction velocities that would cause
particle resuspension is knowing how strongly the target particles are adhered to the
substrate before impaction occurs. Several models have been developed to describe
the adhesion between a sphere and surface at equilibrium (see Appendix A). It would
be useful to determine which of these models of adhesion is applicable to the case of a
7.2 pm ammonium fluorescein sphere in contact with a PVC substrate. Following the
method described in Appendix A.4, the calculation of a single adhesion parameter,

®,4, Where
32 Y’R(1—0?)?

Doy = ——
47 31 2w F2e3

I3, (3.10)
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is sufficient for determination of the appropriate model. In Eq. (3.10), v is the
interfacial surface energy, o is the Poisson ratio, E is the elastic modulus, and ¢ is
the distance of closest approach, typically taken to be 4 Angstrom. The material
properties of ammonium fluorescein are given in the previous study [8] to be F =
1.17 x 10'° Pa, v = 4.62 x 1072 Z;, and o = 0.33. Using these values, an adhesion
parameter of ®,q = 1.7 is calculated, indicating that the JKR model of adhesion (see

Appendix A.3) is applicable, since ®,4 > 1.
The evidence presented in Section 3.3.2 indicates that, during impaction, a target
particle experiences a force that is mainly tangential to the surface. The critical

tangential removal force on an adhered particle obeying the JKR model of adhesion

is given in Appendix B.2 to be

T, = 4[(PP. + P?)—]z (3.11)

K
A
where P is the applied normal force, P, = %ﬂ'R’)’, and K and ) are elastic constants.
Applying this expression to an impaction event requires breaking up the force applied
to the target particle by the impacting particle into its normal and tangential
components (see Fig. 3.8). The normal component, P in Eq. 3.11, causes the target
particle to approach the surface, increasing the contact area; while the tangential
component, 7', simultaneously causes the particle to shift laterally along the surface,
increasing the stress at the outer edge of the contact region. At the critical impaction
velocity, the tensile stress at the back edge will surpass the maximum stress that can
be maintained by the particle and surface, while still maintaining contact, and a crack
will propagate along contact interface, releasing the particle from the surface. At this
critical velocity, the tangential component of the applied force is T,.

The average force applied on the target particle by the impacting particle can
be calculated from Hertz theory, assuming that all deformations are purely elastic.
According to Hertz [10], the duration, At of contact in the collision of an impacting

sphere of mass, m, and radius, r, moving at a velocity, v, and a target sphere of



27

0
<T
/ /
/
v /
ay
______ 00 VO L D
R
a
Fa

Figure 3.8: Schematic of impaction event.
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radius, R, is given by

At = Cv7s,

C = 4.02 (2pk,)} (TZRR) , (3.12)

where p is the particle density and k&, is a constant related to the elastic modulus and

Poisson ratio of the particles:

3 [1—0?
o2 (557 -

The average applied force, F, is thus given by

mv
F=—, (3.14)

and the normal and tangential components are

muv

T= Y cos 0 (3.15)
and
pP= Z—Z sin 6. (3.16)

If the impacting particle is not aimed directly at the center of the target particle,
then two extreme cases must be considered: (i) friction prevents any slip from
occurring during impaction and the applied force is independent of the location angle,
¢, of collision (see Fig. 3.8), and (ii) the particles slip perfectly off of each other and
force is transmitted only along the line connecting the centers of the two particles. In
the first case the velocity, v, used in the above calculations is equivalent to the velocity

of the impacting particle regardless of where the collision occurs on the surface of the
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target particle. Combining Eqs. (3.11), (3.12), (3.15), and (3.16) yields

Uthreshold = (3.17)

32CPsinf ([ ( 32CP,sin0 ? L saCR ?
3K \mcos?6 3K\mcos? 0 3K \cos?6

Eq. (3.17) predicts a threshold impact velocity of 6.4 m/s for a 3.0 ym ammonium
fluorescein sphere impacting an 8.6 ym ammonium fluorescein sphere at an incident
angle of § = 45°, and a threshold impact velocity of 4.2 m/s for a 3.0 um ammonium
fluorescein sphere impacting an 7.2 pm ammonium fluorescein sphere at an incident
angle of § = 38°.

In the second case, only the component of the impacting velocity along the line of
centers needs to be considered. Thus the velocity, v, used in the above development
is replaced by v cos(f — ¢). Using this and combining Egs. (3.11), (3.12), (3.15), and
(3.16) yields

. _ | 32CPRsing [ 32CPsing ? L, 64z ) 1
threshold = | 3K Am cos? f 3K m cos? 0 3K \cos?f cos(6 — ¢)

(3.18)

Fig. 3.9 depicts predicted threshold impact velocity as a function of impact location
for various angles of incidence for the slip condition (Eq. 3.18). The impact velocity
becomes very large as ¢ approaches 90°, as the model does not account for the effect
of elastic rebound resulting from an applied normal force. However, since we are
concerned with the threshold condition, the only meaningful quantity in the curve is
the minimum velocity, which shifts in location depending on the angle of incidence, 6.
Based on this approach the slip model predictions for threshold impact velocity are
3.2 m/s and 2.4 m/s for 8.6 yum and 7.2 um target particles, respectively. It would
appear from these calculations that the no-slip mechanism adequately describes the

resuspension observed in the present experiment as well as the previous experiment

8].
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Figure 3.9: Slip model predictions for various angles of incidence.
3.5 Discussion

John and Sethi (1993) [8] suggested two mechanisms of removal. The first utilized only
the normal component of the imparted momentum, as the particle was proposed to
have been compressed downward onto the surface and rebound elastically upward with
enough energy to break the adhesive bond. The second made use of Wang’s rotation
mechanism [11] (see Appendix B.1), and the resuspension threshold was taken as
the point when the torque due to the impaction impulse matched the torque due
to the adhesion force. It was found that the rotation model greatly underpredicted
their measured threshold velocity of 9.3 m/s, whereas the elastic rebound model
predictions were much more reasonable. The implication of these results is that the
tangential component of the momentum imparted to the target particle has no effect;
and consequently, glancing angle collisions would be less likely to cause resuspension
than normal collisions. This is contrary to the evidence presented in Section 3.3.2 that

resuspension occurs horizontally along the surface, and not vertically away from the
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Table 3.1: Impaction-induced resuspension model results.

Experimental Model Prediction
(m/s) (m/s)
11.1 Present model (no slip) 6.4
(8.6 um Present model (slip) 3.2
target Elastic rebound 4.7
particles) Rotation 0.17
10.0 Present model (no slip) 4.2
(7.2 pm Present model (slip) 2.4
target Elasic rebound 2.3
particles) Rotation 0.12

surface. In Section 3.4, a model which explores the effect of the tangential momentum
component is presented. The model results, which are summarized in Table 3.1,

indicate that reasonable predictions can be made.

3.6 Conclusion

An experiment was conducted to investigate the resuspension of 7.2 ym ammonium
fluorescein spheres from a PVC substrate when exposed to an air jet laden with
3.0 pm ammonium fluorescein spheres. A threshold Stokes number was estimated
from observed knock-off rates for various jet flows, and was in good agreement with
previous experimental results. A simple particle trajectory model was applied to
calculate impaction velocities and incidence angles for the obtained Stokes numbers.
The observed removal patterns suggest that particles are knocked off the surface in
a direction nearly parallel to the surface rather than perpendicular to the surface,
contrary to the predictions of previous impaction-induced resuspension models. A
resuspension model, which incorporates this type of removal, was presented and shows

good agreement with experiment.
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Chapter 4 Particle Resuspension by
Impinging Shock Waves

When a shock wave impinges on a surface, it reflects and propagates across the surface
at supersonic velocity. The gas is impulsively accelerated by the passing shock wave.
The resulting high-speed flow imparts sufficiently strong forces to particles on the
surface to overcome strong adhesive forces and entrain the surface-bound particles into
the gas. This chapter describes an experimental study of the removal of fine particles
from a surface by impinging shock waves. The surfaces examined in this study
were glass slides on which uniformly sized (8.3 um diameter), spherical polystyrene
particles had been deposited. Shock waves were generated in a small, open-ended
shock tube at various heights above and impingement angles to the surface. Particle
detachment from the carefully prepared substrates was determined from images of the
surfaces recorded before and after shock impingement. A single shock wave effectively
cleaned a large surface area. The centerline length of the cleared region was used to
characterize the efficacy of shock cleaning. A model based upon the far field solution
for a point source surface shock provides a good fit to the clearance length data and

yields an estimate of the threshold shock strength for particle removal.

4.1 Introduction

Removal of fine particles from surfaces is important both for surface cleaning and for
contaminant detection. In the semiconductor industry particulates lead to defects in
etched features and ultimately reduce product yield. In forensic science, efforts to
detect explosives, drugs, and other contaminants on surfaces are often limited by the
low volatility of the particulate material. Aerodynamic entrainment of particles may

provide a suitable non-contact means to clean surfaces and may improve transport to
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analytical instruments thus enhancing the detectability of contaminants.

Many studies of particle entrainment by fluid flows have appeared in the literature.
These can be classified as steady flow methods or unsteady flow methods. Steady
methods include fully developed turbulent flow in a boundary layer [12, 13, 14}, a pipe
[15], or a jet [16, 17, 18, 19, 20, 21]. Unsteady methods include pulsed jets [22, 23, 24],
vibrating jets [25], acoustic waves [26], and shock waves [27, 28, 29, 30, 31, 32].
Unsteady flow effects often play a vital role in particle removal even in the steady
methods due to the start-up transient as the flow is initiated, although one recent
study [21] has probed entrainment by a truly steady jet with no start-up transients.
In most steady-flow experiments, a high entrainment rate is usually observed when
the flow is first turned on and the entrainment rate decreases with time as the flow is
established. The transients during flow start-up produce higher forces on the bound
particles than the subsequent steady flows. In periodic unsteady flows, such as a
pulsed jet, the transients are generated repeatedly. Otani et al. [22] studied particle
removal by repeated jet pulses and observed that the entrainment rate was the same
for each pulse and independent of the pulse duration. In contrast, other unsteady-
flow experiments showed no enhancement of particle removal over that obtained in
the steady flow case [23].

The most extreme unsteady flow is the shock wave. As a shock wave travels
at supersonic speed across a surface, it impulsively accelerates the gas as it passes,
creating a high speed flow behind the shock wave. When the shock wave is advancing
into a quiescent gas, a boundary layer forms on the surface and grows with distance
behind the shock. Thus, surface-bound particles are exposed to the highest shear
forces immediately behind the shock where the boundary layer is thinnest. In this
way, a shock wave of sufficient strength is able to remove even tightly bound particles
from the surface.

Several investigators have examined the interaction between a dusty layer of
particles and passing shock waves related to coal mine explosions [28, 29, 31]. These
researchers have explored shock reflections within the dusty layer and the effect of

layer depth. Others have investigated removal of thick deposits (scale) from boilers
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and furnaces using detonation waves [33, 34]. A few investigators have examined shock
wave interaction with sparse layers or single particles. Emmons and Pennebaker [27]
measured vertical and downstream position of lycopodium particles (30 pm diameter)
lifted from a monolayer (on the floor of the shock tube) by a Mach 1.27 planar shock.
Studies of drag on a spherical particle subject to an impulsively started flow behind
a shock wave [30], and detachment of a single 400 um diameter particle from the wall
of a shock tube [32] revealed that the drag coefficient was nearly twice that in an
equivalent steady flow. This enhancement of the drag coefficient in an impulsive
flow augments the high shear forces behind shock waves. Most of the previous
studies employed large particles, for which the van der Waals adhesive forces are
generally weak relative to aerodynamic forces. Moreover, only a limited range of shock
strengths was employed in these studies [27, 30, 32]. The data from these studies,
therefore, provides little insight into the relationship between shock strength and
particle properties that will lead to particle entrainment, or the spatial distribution
of particle removal.

The present work explores the potential use of impinging shock waves for extracting
small particles from surfaces. A shock tube employing a fast-acting valve is used to
generate the shock waves. The effect of shock strength, impingement angle, and shock
tube exit height on the efficiency and spatial distribution of removal are examined

using uniformly sized polymeric particles.

4.2 Experimental

4.2.1 Shock Wave Apparatus

The apparatus used for this investigation is illustrated in Fig. 4.1. A high speed rail
table with a vacuum-chuck sample holder is used to position the sample alternately
below a shock tube (OD = 6.35 mm; ID =4.24 mm; Length = 300 mm) mounted on
a y-z-0 traverse or below a CCD camera. The shock waves are generated in the shock

tube using a fast opening induced-eddy-current (IEC) valve (see Section 4.2.1). The
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valve reservoir pressure is adjusted using a regulator and measured with a Lucas P4100
pressure transducer (2 kPa accuracy from 0 to 6.9 MPa gauge pressure). Helium,
which has a sound speed (1007.4 m/s) greater than the sound speed in air (343.3 m/s),
is used in the valve to increase the shock strength that can be achieved at a given
pressure. The rail table motions are controlled via RS-232 communications from the
computer to a Compumotor PDX-15 motor controller. The vertical (z) and horizontal
(y) position of the shock tube are manually adjusted using linear micrometer stages.
The impingement angle (#) is set using a locking rotation stage.

The samples consisted of uniformly sized polymeric particles on microscope slides.
A HeNe laser sheet provides glancing angle illumination of the particles on the glass
substrate so that they appear bright against a dark background. Dark field images
of the particle laden surfaces were recorded using a CCD camera equipped with a
telephoto lens and connected to a Macintosh computer using a Scion LG3 frame

grabber card.

TEC Valve

Conventional shock tubes employ a burst diaphragm that must be replaced after each
firing and must be sized (thickness and material) to burst at the desired pressure.
Other shock tubes, known as diaphragmless, substitute a fast-opening valve for the
diaphragm; some representative examples are a ball valve [35], an induced-eddy-
current (IEC) valve [36], and a pneumatic valve [37]. In the present study, replacing
burst diaphragms for subsequent shocks would limit the pointing accuracy of the shock
tube. Furthermore, diaphragm fragments may be generated when the diaphragm
bursts and be carried downstream by the shock flow. Such foreign particles, which
tend to be large, could impact on the surface and dramatically affect the observed
removal. To avoid these problems, a shock-on-demand system was developed using a
fast-opening IEC valve. The data reported here resulted from 126 shocks created by
14 different valve pressure ratios without changing the operational parameters of the
valve.

The first reported use of an IEC valve was by Shpigel [38]. Since then, variations of
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this valve have been used as a gas injection valve for plasma studies [39, 40, 41, 42],
as a gas-gun valve for hydrogen pellet injection for fusion research [43], and as a
diaphragm replacement for a shock tube [36]. The IEC valve used in the present
experiments is a modification of a prototype valve that was used for plasma studies
[44]. In the plasma application, the injected gas volume was minimized; a shock
tube application requires that the injected gas volume be maximized. To this end,
the internal volume of the valve was enlarged by decreasing the size of the internal
components, and the impedance of the gas exit path was minimized by adding holes
to the valve plate.

A schematic diagram of the valve is shown in Fig. 4.2. A light-weight aluminum
valve plate is held by gas pressure and spring load against a small Teflon seal around
the valve exit port. A coil is mounted in the front part of the valve opposite the
valve plate. The valve is actuated by rapidly discharging a capacitor bank (500 uF
at 500 volts) through the coil to produce a rapidly increasing magnetic field. The
increasing magnetic field induces eddy currents in the valve plate. These eddy currents
create a magnetic field opposite to that generated by the coil. The opposing magnetic
fields repel the valve plate from the coil, thereby opening the valve, and allowing gas
to flow downstream. The valve opens very quickly, generating a pressure pulse that
produces a shock wave in the exit tube just downstream of the valve. As the current
decays, the valve plate returns to its original position and closes the valve. The shock
wave travels down the open-ended shock tube which is aimed at the sample surface to
remove particles. The capacitor bank discharge is triggered using a TTL-level logic

signal and it returns to full charge within four seconds, ready for the next firing.

4.2.2 Sample Preparation

Quantitative studies of particle entrainment require test samples that consist of well-
characterized particles on well-characterized surfaces. The surfaces used in the present
study were microscope slides that had been cleaned by scrubbing with phosphate-free

detergent under a stream of distilled water, thoroughly rinsing with distilled water,



37
rinsing with 1:1 nitric acid, and then rinsing again with distilled water. The cleaned
microscope slides were then baked at 300°C for one hour and cooled in a dry box for
a minimum of 12 hours prior to the deposition of particles.

Uniformly-sized, spherical polystyrene particles (8.3 um diameter, molecular weight
= 114,200 amu) were produced from uniformly sized droplets of a toluene/polystyrene
solution that were generated using a vibrating orifice aerosol generator (VOAG) that
was specially designed to work with organic solvents [45]. The droplets were entrained
In nitrogen carrier gas and transported through a heated drying column installed
directly below the VOAG. The temperature in the upper part of the drying column
was kept below the softening point of the polymer. The particles were gently deposited
on the microscope slides by gravitational sedimentation. To avoid distortion of the
particles after deposition, the lower part was maintained at room temperature to
cool the particles prior to deposition on the cool slides. The particle generation and

substrate cleaning procedures are described in more detail by Phares et al. [46].

4.2.3 Procedure

A microscope slide with particles deposited uniformly over the surface was mounted
flush with the surface of the translation stage using the vacuum chuck. The stage was
then moved in steps under the CCD camera to record images of the initial spatial
distribution of deposited particles. A full set of three pictures, arranged to cover
58 mm of the slide surface with slight overlap (see Fig. 4.3), was taken both prior to
firing any shocks at the sample and after each shock to record the spatial distribution
of the particle removal. Time integrated images (12 frames) were acquired to provide
a bright image with a high signal-to-noise ratio. The magnification (31 pm/pixel)
in these images is insufficient to resolve individual particles, but the average pixel
intensity of local regions is proportional to the local density of the particles. The
first set of three pictures from each sample defined the initial state from which all
subsequent changes were measured.

Once the initial images were recorded, the sample was moved to a known position
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under the shock tube by using the edge of the frosted region of the slide as a fiducial
mark. A shock wave was generated, with a valve pressure ratio of P,/ P}, by opening
the IEC valve and directed toward the surface by the shock tube. The slide was then
returned to the camera location to record the changes in the surface density of the
deposited particles. Figure 4.4 shows typical images obtained before and after the
slide was exposed to a shock wave.

After the image set was recorded, the valve pressure ratio was increased, and the
procedure was repeated. In a typical experiment, the sample was exposed to a series
of 14 shocks at a fixed angle and exit height. The sequence of valve pressure ratios
employed in these experiments was P,/ Py: 1.39, 1.74, 2.09, 2.44, 2.79, 3.14, 3.50, 3.85,
4.55, 5.25, 5.96, 6.66, 7.36, and 8.07. For an ideal gas, the initial Mach numbers, M,
of the shock waves can be calculated from the valve pressure ratios using Egs. (4.1)
and (4.2): 1.11, 1.19, 1.26, 1.32, 1.37, 1.43, 1.47, 1.52, 1.60, 1.67, 1.73, 1.79, 1.85, and
1.90. To examine the effect of multiple shocks, all 14 shocks fired at sample 3 (see
Table 4.1) were generated with a fixed valve pressure ratio of 5.25 (Mg = 1.67). Prior
to the firing of each shock, the flush valve pictured in Fig. 4.1 was opened to blow
out any helium that may have pooled in the upper portion of the shock tube.

To ensure that all experiments were performed using identical particles, a single
production run of nine samples with the desired particle density (~300/mm?) was
used in this study. Parametric investigations probed the influence of multiple shocks,
the repeatability, and the effect of impingement angle (6 = 30°, 45°, 60°, 75°, and 90°)
and exit height (H/D = 1.0 and 2.0) on the removal, where H is the distance from
the shock tube exit to the surface measured along the shock tube axis and D is the
inside diameter of the shock tube. Table 4.1 summarizes the experimental conditions

explored with each sample.

4.2.4 Data Analysis

As illustrated in Fig. 4.4, the samples initially exhibited a nearly uniform density of

monodisperse particles. In the dark-field images, the particles appeared as a dense
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distribution of bright spots on a dark background. A single shock wave generated
with P/ P, = 5.25 (M = 1.67) and fired at the surface at § = 30° and H/D = 2.0
created the cleaned region (dark area) shown in the right image. The length of the
removal extends ~ 40 mm beyond the right edge of the image. For reference, the
shock tube was aimed to the right with the lower lip of the shock tube aligned with
the frosted edge (indicated by a vertical white line) that is visible at the left of the two
images. A rectangular strip through the center of each image set, shown schematically
in Fig. 4.3, was analyzed to determine the density profile along the centerline of the
removal region. An average pixel intensity was calculated for each vertical (in this
figure) slice of the selected region and plotted as a point on the density profile for
that ‘x’ location.

Unfortunately, neither the initial distribution of particles nor the intensity of the
laser sheet used to illuminate them is perfectly uniform. To account for resulting
intensity variations that were present even before the samples were exposed to the
shock waves, the profiles for each image location of each sample were normalized by
the profiles obtained from the images of the initial state. The density profiles of the
adjacent images (numbered 1 through 3 in Fig. 4.3) were then concatenated, after
removing the overlapping portions, to produce a density profile for the full length of
the rectangular strip.

The background scattering noise in the cleaned region was estimated as the
“cleaned” level from the highest removal region of the profile at the highest pressure
ratio. This background signal was subtracted from each of the profiles before dividing
by the initial profile. The resulting normalized profile has a value of “0” in the cleaned
region and “1” in the uncleaned region. A multi-pass binomial filter was then used to
smooth the profiles to reduce the noise. A full set of corrected and smoothed profiles,
from Sample 1, is shown in Fig. 4.5. The horizontal line at a particle density of 1.0
represents the initial state prior to the firing of any shocks. The profiles located below
the horizontal line have been offset horizontally and vertically (+1.0 mm, -0.1) from
one another to show the progression of first deepening and then lengthening of the

removal region as the shock strength is increased. The geometric intersection of the
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shock tube axis with the surface occurs near x = 12 mm.

Several features of these profiles are noteworthy. The left (upstream) edge of
the removal region is significantly steeper than the right (downstream) edge. The
position of the left edge changes very little while the length of the cleaned region
increases dramatically as the shock strength is increased. Moreover, the removal
region is nonuniform at low shock strength. These observations are discussed further
in Section 4.4 in the context of the fluid mechanics of the shock generation and
impingement.

Once the corrected and smoothed profiles were obtained for each sample, hyperbolic
tangent curve fits were applied to the upstream and downstream portions of the
removal profiles to determine the location of the threshold removal points. Automation
of the curve fitting is facilitated by the use of a hyperbolic tangent function, since
two data ranges (one for the upstream edge and one for the downstream edge) are
sufficient for the entire data set from a given sample. The determined threshold
points represent the locations on the surface at which the shock strength decayed
to a threshold value that is capable of removing 50% of the particles. The removal
length, which we define as the horizontal distance from the center of the shock tube
to the downstream 50% removal point, was determined from the known position and

angle of the shock tube relative to the sample.

4.3 Results

The measured extent of removal is presented below in terms of the removal length in
the direction aligned with the long axis of the sample, since the width of the removal
region was generally greater than the field of view of the imaging system (see Fig. 4.4)
and often greater than the width of the sample. As defined, the removal length is
zero when the peak removal efficiency is less than 50%. Atmospheric conditions in
the laboratory were P, = 98.0 kPa, T = 21°C, and relative humidity of 35%. The
type of experiments performed with each of the 9 samples and the observed threshold

shock strength are summarized in Table 4.1.
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4.3.1 Multiple Shocks

Throughout the present investigation, a series of shocks of increasing strength was
directed toward each sample in order to maximize the information obtained from
a limited number of samples. This procedure is based on the assumption that all
particles that can be removed by a particular shock strength are removed by the first
shock of that strength. To test this assumption, Sample 3 was exposed to 14 equivalent
shocks with a valve pressure ratio of 5.25 (M, = 1.67), at § = 30° and H/D =
2.0. The removal lengths, determined for the successive shocks, are summarized in
Fig. 4.6. The first shock cleared particles to /D = 12; the removal length increased
by only 6% during the next 4 shocks (see inset of Fig. 4.6), and was unchanged by the
remaining 9 shocks. Thus, the removal obtained with one shock of a given strength

is representative of the total removal that is possible for that strength.

4.3.2 Repeatability and Shock Strength

The repeatability of the experimental technique was evaluated at 6 = 30° and H/D =
2.2 using samples 1 and 2. The measured removal lengths are shown in Fig. 4.7
as a function of the shock strength, which is defined as the ratio of the pressure
immediately behind the shock, P, to that in the unperturbed gas ahead of the
shock, P;, at the exit of the shock tube. The shock strength is estimated from
the valve pressure ratio, P;/P;, using the method described in Section 4.4.1. With
increasing shock strength, r/D approached 13. The stronger the initial shock that
exits the shock tube, the farther it travels across the sample before decaying below
the threshold strength required to remove 50% of the particles. The two sets of data
agree well. Curve fits to the data, determined using a model that is based on the
decay of a hemispherical shock generated at a point source located on the surface
(see Section 4.4.4), follow the data. The good repeatability reinforces confidence that
the particle generation and substrate cleaning procedures employed to produce the

samples yield nearly identical samples.
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4.3.3 Impingement Angle

The impingement angle was varied from 30° to 90° in steps of 15° at H/D = 2.0.
The measured removal lengths are shown in Fig. 4.8; the last three shocks at 30°
impingement extended the cleaned region beyond the end of the sample, so no removal
lengths were determined for those shock strengths. At a given shock strength, glancing
angle shock wave impingement produced greater removal lengths than did shock wave
impingement at larger angles. Furthermore, 30° shock impingement removed particles
uniformly from the cleared region, while the normal incidence shock cleared particles
from distinct bands. As discussed below, this more complex structure was attributed

to the startup vortex and shock interaction with the surface.

4.3.4 Exit Height

The influence of shock-tube exit height was examined at H/D = 1 and 2 at § =
90°. The measured removal lengths are shown in Fig. 4.9. The particle removal
length increases with decreasing height because of the corresponding increase in shock
strength at the surface. Secondary reflections from the end of the shock tube may
also play a role. With increasing height, the shock strength decays before reaching

the surface, eventually dropping below the threshold value for particle removal.

4.4 Fluid Mechanics of Shock Waves

The fluid mechanical aspects of shock wave generation in shock tubes, shock wave exit
from open-ended tubes, and shock wave interaction with surfaces have been studied
extensively [47, 48, 49, 50, 51, 52, 53, 54]. Some of the findings from these references

that are appropriate to the understanding of our results are summarized below.

4.4.1 Shock Wave Generation in Shock Tubes

Shock waves are generated in a shock tube by rapidly removing a barrier that separates

a high pressure (Fy) driver section from a low pressure driven section (P;). The ratio
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P,/ Py is referred to as the diaphragm pressure ratio. The shock, produced in the
driven gas, has a strength P,/P; where P, and P represent the absolute pressure
behind and in front of the shock, respectively [47]. For an ideal gas, the diaphragm

pressure ratio required to generate a particular shock strength is given by:
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where c represents the sound speed, 7 represents the ratio of specific heats, and

the subscripts “4” and “1” refer to properties of the driver gas and the driven gas,
respectively. In the present work, the barrier is established by the plate of the IEC
valve, the driver section is filled with helium gas (74 = 1.667) at elevated pressure,
and the driven section downstream of the IEC valve contains ambient pressure air
(71 = 1.402). The shock strength calculated from Eq. (4.1) is used to determine the
Mach number, My, of the shock (the shock speed us) and the gas velocity, uy, behind
the shock.
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The calculated shock Mach numbers for the present experiments range from 1.11 to
1.90, with resulting gas velocities ranging from 57 m/s to 391 m/s behind the shock.
These results for one-dimensional shock flow in a tube provide a useful estimate of

the strength of the shock that leaves the end of the shock tube.

4.4.2 Shock Wave Exit from an Open Ended Tube

The exit of a shock wave from an open ended tube is generally important in missile
launchers where the shock loading on personnel is of crucial concern [49]; it is also of
interest to designers of tunnels for high speed trains [50]. As the shock wave exits a

tube, it is diffracted in a manner similar to a sound wave as illustrated in Fig. 4.10.
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A sound wave can be compared to an extremely weak shock (M = 1.0); in this limit,
the shock strength P,/P; = 1 and the gas velocity uy behind the shock is zero, i.e.,
no flow accompanies a sound wave as it exits from the tube. In contrast, a shock
wave with M > 1.0 generates a gas flow that leads to the flow structure illustrated
in Fig. 4.10. A vortex is generated, gains strength, and is shed downstream. Strong
shocks also generate a normal shock downstream of the exit and other fine scale
features [49]. Shortly after exiting the tube, the shock assumes a spherical shape

with a shock strength that is stronger on-axis than toward the diffracted edges.

4.4.3 Shock Wave Interaction with a Surface

Figure 4.11 depicts a shock tube positioned at § = 90° and H/D = 2.0. The flow
features downstream of the exit have been omitted; the initial shock is depicted with
a solid curve, and the reflected shock is depicted with a dashed curve. The initial
shock is assumed to be spherical a short distance downstream of the exit [49]. Its
radius grows with propagation time. The reflected shock is generally non-spherical
because its strength depends on the local incidence angle of the initial shock. The
shock first contacts the surface at normal incidence (angle measured between shock
normal and the surface plane) and results in no net gas flow behind the reflected
shock. As the initial shock continues to propagate away from the shock tube exit,
a circular ring of reflection is formed at the intersection of the incident shock with
the surface. The shock initially undergoes a regular reflection in which the incident
and reflected shocks intersect at the surface. Later, after a critical radius is reached,
a Mach reflection (irregular reflection) develops in which a third shock (Mach stem)
extends to the surface from the two shock intersection.

One may develop a model of the shock interaction with the surface by assuming
the shock source to be a unit-strength point source located a distance H above a
plane surface. The reflected wave pattern is that which would be generated by a pair
of unit-strength point sources (dipole) located a distance 2H apart [51, 52]. In the

far field, the wave pattern from the dipole is equivalent to that generated by a single
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point source of twice the unit-strength located midway between the two point sources.
In a numerical study of the reflection of strong spherical shocks from a smooth plane,
Galkowski [52] found that the transition from regular to irregular reflection occurred
at the same radius as the convergence of the decay of the shock strength to the far-
field (asymptotic) spherical wave solution. Thus the onset of the Mach reflection
appears to be a manifestation of the asymptotic spherical wave behavior [51, 52, 53].
This far-field behavior provides a convenient model of the shock-strength decay with

distance traveled across a sample.

4.4.4 Relationship between Shock Strength and Particle

Removal

The force required to remove a spherical particle from a surface depends on the
particle size and properties, and on the surface conditions. Assuming that the
distribution of detachment forces is Gaussian, removal of 50% of the particles in
a given region indicates that the shock induced flow produces a maximum force on
the bound particles in that region that is equal to the mean force f required for
particle removal. Higher removal efficiencies indicate that the force exerted by the
flow exceeds f, while lower removal efficiencies indicate that smaller forces are exerted.
This simplified view excludes possible influences of particle relaxation response to
imposed forces [21], but provides some insight into the range of effective removal of
the shock induced flow.

Although the absolute force applied to the particles by the shock induced flow
is difficult to determine, the measured removal length can be used to estimate the
threshold shock strength for particle removal. In order to determine the threshold
shock strength (Pa/P))inresn, it is necessary to first find a relationship between the
generated shock strength (P,/P;), and the distance r that the shock wave travels
along the sample before it decays to the threshold value. We assume that the
experiments probe the far field region of the shock, so the shock propagation is

the same as that from a source of strength Co(P,/P;), and initial radius 7, located
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directly below the shock tube exit. The shock wave moves radially outward, decaying
in strength as it travels.

We seek to model shock propagation from a source of finite size. Although the
generated shock wave assumes a spherical shape shortly after exiting the tube, it
differs from that generated by a point source since it has been diffracted. Furthermore,
oblique impingement produces asymmetric removal, and the end of the shock tube
interferes with the reflected shock, generating a complex wave field. A surface-bound
particle located along the central-axis of the sample in the far-field region downstream
of the shock tube exit experiences a local shock whose strength is related to the exit
shock strength; although the energy released is the same for all shocks of a given
strength, changes in the impingement angle or exit height will change the local shock
strength. Since the surface bound particles provide a measure of the distance traveled
by the shock before it decays to a threshold shock strength, the removal length data for
a range of exit shock strengths provide insight into the decay of the shock strength
along the central axis of the sample. The decay rate can be used to define the
strength of a point source shock located at the surface that would be required to
produce a threshold shock strength at the measured distances. Although the problem
is complex, and the model simplistic, the derived function provides a satisfactory fit
to the removal data, demonstrating that the downstream far-field behavior (along the
central axis) can be modeled in this way.

To use a far-field model, the characteristics of the shock source must be known.
It is reasonable to assume that the strength of the spherical shock at the surface,
which is used to model the decay of the tube-generated shock, is less than that of
the point source shock wave, i.e., less than twice the tube-generated shock strength.
We therefore assume that the initial shock strength of the modeled point source at
the surface to be Cyo(P2/P1), where Cy is an empirical factor that is expected to be
less than two. For the present purposes, the decay of the shock strength as the shock
travels down the tube is assumed to be small.

A model of the propagation of a spherical shock wave from a source of strength

Co(P2/Py), is derived in the Appendix. The model is singular at the origin (r = 0),
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so we arbitrarily assume that the initial radius of the spherical shock, r,, equals the
radius of the shock tube exit. The observed removal length variation with exit shock

strength can then be fitted to the form predicted by the model,

W=

- [(%)thresh B 1] 121:71 —1 . (4.4)
Co(R), -5 -1] 7

to estimate Cp and the threshold shock strength for particle removal, (P2/ P )ihresh-
Although the choice of 7, for our data analysis is arbitrary, the long removal lengths
observed in this study make the sensitivity to this choice very small. Doubling r,
has a negligible effect on the estimated values of Cy and less than a 2% effect on the
threshold shock strength estimate. The influence of this parameter is greatest for
those cases that yield small removal lengths.

The curve fits to the shock removal data using Equation (4.4) compared favorably
with the data for all of the experiments. The resulting fit parameters are given in
Table 4.1. The threshold shock strength (Ps/P;)inresy, is the same for all the sets of
data, as would be expected for a property determined by the surface and the particles
rather than by the parameters investigated here. All curvefits have been extended to
r = r,, where the initial surface shock strength Co(P2/P:), is equal to the threshold
shock strength (Py/ Pi)ihresn- It was not possible to collect data for such small values
of r since the removal length is generally large by the time more than 50% of the
particles have been removed (a requirement for the definition of a removal length).
Furthermore, since Eq. (4.4) is a far-field solution, it is of limited validity for r < H
[52].

The strength of a shock that exits from an open-ended shock tube is a function
of exit angle; stronger on axis (f = 0°) than at other angles [11, 49]. Therefore, the
scaling factor, Cy, determined from curve fits to the data might also be expected to
exhibit a similar trend. A cursory look at the scaling factors reported in Table 4.1
reveals that, although Cj is largest at € = 30°, no clear trend with angle is evident.

The absence of a clear trend is likely due to the interaction of the shock wave with the
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surface and the end of the shock tube. A reviewer indicated that absence of a trend
in the Cy values may also be due to the use of single shocks at each strength, since
multiple shocks at the same strength produce additional removal (see Section 4.3.1).
Further investigation will be needed to determine whether single versus multiple

shocks influences the value of Cj.

4.5 Removal Patterns

Figure 4.4 shows a deposit before and after 30° impingement of a shock generated with
a valve pressure ratio of 5.25 (My = 1.67) and Fig. 4.12 shows the more complicated
removal pattern produced by 90° impingement of a shock generated with a valve
pressure ratio of 2.79 (M, = 1.37). In both cases H/D = 2.0. The removal is
more uniform for low impingement angles (Fig. 4.4) and strong shocks than for
high impingement angles (Fig. 4.12) or weak shocks. When non-uniform removal
was observed, the removal lengths reported in this chapter were to the most distant
downstream position that exhibited 50% removal.

The structure of the particle removal pattern shown in Fig. 4.12 is produced as
the various features of the flow exiting the shock tube illustrated in Fig. 4.10 interact
with the surface. Since the normal shock reflection does not produce a radial flow
near the axis, few particles are removed from the center of the interaction region.
As the shock wave propagates along the surface, the reflection points move outward
until the induced radial velocity exceeds the threshold velocity required to remove
the particles. As the reflection points propagate radially and the angle between the
shock normal and the surface decreases, the radial velocity increases and the incident
shock strength decays. Eventually, the decrease in the shock strength overcomes
the increases in post-shock velocity that accompany the decreasing incidence angle,
causing the radial velocity to fall below that necessary to remove particles. The
expected removal pattern, therefore, exhibits a single annulus of particle removal
with inner and outer radii that demark the distances at which the radial velocity first

exceeds and then falls below the threshold value.
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In contrast to the removal pattern suggested by the shock evolution, the observed
removal pattern shown in Fig. 4.12 clearly exhibits two annular removal regions.
The expected annular region for particle removal by the shock wave lies between
the marks labeled “B” and “C.” The inner annulus has an average diameter, i.e.,
0.5(OD + ID) = 5.4 mm, the distance between the marks labeled “A.” that is nearly
equal to the average diameter of the shock tube exit (5.3 mm). This average diameter
also corresponds to the approximate diameter of the startup vortex illustrated in
Fig. 4.10. Therefore, the removal of particles from the inner annulus is likely due to
the vortical flow, possibly in combination with the shock induced flow.

The double annulus removal pattern, depicted for 90° in Fig. 4.12, was observed
at impingement angles as small as 45°. At oblique impingement angles, the removal
annuli become increasingly more elliptic with their long axes aligned with the flow.
Measurements of the major axes of the inner (o = distance A-A) and outer annuli
(8 = distance D-E), as well as the offset (§ = distance D-A) between their upstream
(left) edges are presented in Fig. 4.13 for each impingement angle 6 at fixed shock
strength. The measured lengths have each been non-dimensionalized with respect
to the shock tube exit diameter, D. The major axes of both the inner and outer
annuli increased slightly and the offset between the annuli decreased dramatically with
decreasing angle of impingement. At 45° the two annuli merged at the upstream edge,
preventing accurate determination of 4. At 30° the vortical removal region and the
shock removal region were indistinguishable. The size of the error bars is determined
from the standard deviation of annular dimensions measured for neighboring shock
strengths at normal incidence. For practical applications, where particle removal is

desired, glancing angles that produce less structure are preferable.

4.6 Summary

This chapter demonstrates that shock wave impingement can efficiently remove particles
from surfaces. Limited gas is consumed in shock wave cleaning due to the short on-

time of the IEC valve necessary to produce the shocks. In addition, since the shock
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wave moves at supersonic speed, the particles are removed over a large area very
quickly. Shallow impingement angles yielded uniform removal over larger areas. The
observed removal patterns were consistent with the flow created as a shock wave
exiting a tube interacts with a surface.

A model based on the far-field equivalence of an above surface shock source with a
surface shock source was used to describe shock decay along the length of the surface.
The curve fits of the observed removal length to this model yielded an estimate of the

threshold shock strength required to remove the particles from the glass substrate.

Appendix

Galkowski [53] suggests that a unit-strength point shock source located a distance H
above a plane surface produces a far-field wave pattern that is essentially equivalent
to the wave pattern generated by a point source of double strength located on the
surface directly below the elevated point source. A functional relationship between
the initial shock strength generated at the surface and the distance that the spherical
shock travels before decaying to a threshold value can be derived as follows.

The radius r of a strong shock that is produced at a point is dependent on the
released energy E that generated the shock, the density p; of the undisturbed gas
ahead of the shock, and the elapsed time ¢ since the shock was produced. Dimensional
analysis of these parameters yields only one nondimensional combination [48], 0, that

must, therefore, be constant. Rearrangement yields the following expression for the

r=n (E)%t% (4.5)

P1

radius 7:

Since the ambient density p; is constant in our experiments, the radial position r of
the shock is dependent only on the released energy E and the elapsed time t.
Differentiation of Eq. (4.5) with respect to ¢ and elimination of ¢ using the original

equation yields an expression for the variation of the shock speed u, with radial
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distance from the source.

Note that, at » = 0, the shock speed is infinite. This derivation based on dimensional
arguments does not account for the interactions that occur at the source and are,
therefore, useful only for description of the far-field behavior.

Combining Eqgs. (4.6) and (4.2) yields an expression for the dependence of the
shock strength P,/P; on the radius r, provided the released energy F is known:

P, 2y [ 49°E 1
—= ] = 14— —+1 4.7
(Pl) +fy—i—1 [25,010%7"3 + (47)

In the present work, the released energy E is not known; however, a suitable choice of
initial conditions for the shock strength at an initial radius can be used to determine
the released energy. The initial shock strength is taken as Co(P/P;), where (Py/Py),
is the generated shock strength at the tube exit and Cjy is a scaling factor for
the proportional strength of the equivalent surface shock. The initial radius 7, is
arbitrarily defined as the radius of the shock tube exit. Substitution of these initial
conditions into Eq. (4.7) yields the following expression for the released energy:

25 p1c2 P 1
E = Z%HC‘) (_2> _1}7—2%——1}7& (4.8)

Finally, substitution of Eq. (4.8) into Eq. (4.7) yields Eq. (4.4) that was fitted to
the threshold removal data to determine the shock-strength scaling factor, Cy, and

the threshold shock strength, (Py/Pi)tnresh-
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Table 4.1: Parameters and fit results for each sample.

Sample H/D 6(deg) (%) rean, O
1 2.2 30 2.167 1.324
2 2.2 30 2.167 1.259
3 2.0 30 - -
4 2.0 30 2.167 1.779
) 2.0 45 2.167 1.294
6 2.0 60 2.168 1.347
7 2.0 75 2.170 1.492
8 2.0 90 2.174 1.391
9 1.0 90 2.167 1.346
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Figure 4.1: Shock wave apparatus.
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Figure 4.3: Microscope slide showing three image locations.
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Figure 4.4: Raw images from Sample 3 recorded before (left) and after (right) firing
the first shock wave.
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are offset.
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Figure 4.11: Shock reflection from a surface: normal impingement.
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Figure 4.12: Particle removal pattern created by normal impingement.
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Figure 4.13: Dependence of annular removal dimensions on impingement angle.
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Chapter 5 Entrainment of Fine
Particles from Surfaces by (Gas Jets

Impinging at Normal Incidence

5.1 Abstract

This chapter describes an experimental study of the removal of fine (8.3 um) poly-
styrene particles from a glass substrate using a gas jet at normal impingement. In
order to avoid transient effects associated with jet startup, the sample was slowly
translated under a steady jet. The translating gas jet produces a long clean path
that provides very good statistics for exploring the effect of jet parameters. The
dependence of the spatial distribution of removal efficiency on the jet pressure ratio,
the jet height, and the translation speed is examined. Clean paths greater than 16 jet
diameters wide are produced with a jet pressure ratio of 7 translating at 9.0 mm/s at
a dimensionless height of 10. The path width is independent of the jet height at high
pressure ratios and inversely dependent on the jet translation speed. A harmonic
oscillator model for particle detachment accounts for the effect of translation speed.
Results suggest that the particles act as nearly-quantized shear stress sensors that
provide a direct, though as yet uncalibrated, measure of the surface shear stress.
Further, knowledge of the pressure required to remove 50% of the particles from the
central region of the path is sufficient to predict the extent of particle removal at

higher pressures.
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5.2 Introduction

Small particles adhere tenaciously to surfaces through a combination of physical
attractions, chemical bonds, and mechanical stresses. Extraction of these particles
is important both for cleaning surfaces and for detection of surface contaminants.
In the semiconductor industry removal of foreign particles is a critical technology
since particulate contaminants lead to defects in the micron-sized structures being
fabricated and, ultimately, reduce product yield. Although prevention is the most
effective way to control contamination [55], surface cleaning is still necessary to deal
with those contaminant particles that manage to find their way to the clean surfaces.
Detection of traces of explosives, drugs, and other contaminants is often limited by
the low volatility of the particulate contaminants. Aerodynamic extraction of these
tightly bound particles may greatly enhance transport to analytical instruments and
dramatically enhance the ability to detect these substances.

Many fundamental studies of particle entrainment from surfaces have appeared
in the literature [12, 15, 13, 14, 56]. The prior work has largely focused on particle
entrainment by fully developed turbulent flows, either boundary layer or pipe flows
where turbulent bursts are thought to account for most of the entrainment. In most
experiments, the entrainment rate is initially high due to the start-up of the flow and
then gradually decreases with time as the easily dislodged particles are removed and
only more tightly bound particles remain [14, 57, 58, 59)].

Aerodynamic extraction of particles from surfaces for either cleaning or chemical
analysis is typically accomplished by impinging a gas jet on the surface to impart
sufficient aerodynamic forces to the target area of the substrate to dislodge the
particles. A number of investigators have probed particle removal by stationary jets
by counting particles in a small region centered at the geometric intersection of the jet
axis and the particle laden surface [22, 23, 16, 17, 18, 19, 20]. The removal efficiency
has generally been found to increase with increasing jet pressure and decreasing jet
height, both of which tend to increase the impinging gas velocity, and with increasing

particle diameter which leads to an increase in the relative importance of aerodynamic
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forces over adhesion forces.

A number of experiments have been designed to probe the efficacy of transient jets
for particle extraction, including studies of pulsed gas jets [22, 23, 24|, and so-called
vibrating gas jets [25]. Using repeated jet pulses, Otani et al. [22] observed that the
removal efficiency was better correlated with the number of times that the jet was
started than with the time the surface was exposed to the jet. Otani et al. [24] later
used repeating jet pulses of 1 s duration to enhance surface cleaning. In contrast,
Masuda et al. [23] found that pulsing an impinging jet did not significantly enhance
particle removal. Gotoh et al. [25] compared the removal efficiency obtained with
a plane jet and a plane jet with a vibrating plate at the exit. He reported that the
vibratory flow improved the removal, although variation in the ratio of the jet height
above the surface to the width of the jet nozzle from 40 for the plane jet to 10 for the
vibratory plane jet likely accounts for much of the difference. These contradictory
conclusions may result from subtle differences in the experiments. The position of the
jet nozzle and its flow characteristics couple with the jet-surface interaction and the
dynamics of the valve opening process. Both effects are important, but they cannot
be resolved with the presently available data.

The forces imparted to a surface-bound particle by an impinging jet have not been
quantified in the previous studies. Typically, the jet was started while the sample was
positioned under the nozzle [22, 23, 18, 19, 20|, with the jet flow and duration being
controlled by a solenoid valve. This procedure exposes the sample to the start-up
transient with a strength that depends on the opening speed of the valve and on
the length and impedance of the tubing and other components in the flow system.
The transient weakens after exiting the jet nozzle, so the effect on particle removal
decreases with increasing jet height. Liu et al. [16] also positioned the sample under
the jet prior to starting the jet flow; however, the jet flow was controlled using a
manually operated needle valve that probably produced a more gradual start-up of
the jet than did the systems with solenoid valves.

In the present work, we seek to understand particle entrainment by a steady

impinging jet. To avoid the start-up transients, well characterized samples are slowly
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translated under a fully developed jet that impinges normal to the surface. Translation
of the jet relative to the surface cleans a stripe on the surface, from which some of the
forces involved in particle removal can be probed. Because the start-up transients are
eliminated from this study, results from prior studies of fully developed impinging jet
flow provide a basis for assessing the forces that contribute to particle detachment

from the surface.

5.3 Experimental

5.3.1 Translating Jet Apparatus

The apparatus used for this investigation is illustrated in Fig. 5.1. The system consists
of a high speed rail table with a vacuum-chuck sample holder, and a circular jet nozzle
mounted to a y-z traverse at the translation point. The rail table motions were
controlled via RS-232 communications from the computer to a Compumotor PDX-
15 motor controller. The jet pressure is adjusted using the regulator and measured
with a Lucas P4100 pressure transducer reported to have an accuracy to 0.03% of
full scale with a range 0 to 6.9 MPa sealed gauge relative to standard atmospheric
pressure. The height (z) and horizontal position (y) of the jet are adjusted using linear
micrometer stages. A HeNe laser sheet provides glancing angle illumination of the
particles on the glass substrate so that they appear bright against a dark background.
Dark-field images of the particle laden surfaces were recorded using a CCD camera
equipped with a telephoto lens and connected to a Macintosh computer using a Scion

LG3 frame grabber card.

5.3.2 Sample Preparation

Quantitative studies of particle entrainment by impinging gas jets require test samples
that consist of well characterized particles on well characterized surfaces. The surfaces
were prepared by scrubbing with phosphate-free detergent under a stream of distilled

water, rinsing thoroughly with distilled water, rinsing with 1:1 nitric acid, and then
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rinsing again with distilled water. Finally, the microscope slides were baked at 400°C
for one hour and cooled in a dry box for a minimum of 12 hours prior to the deposition
of particles.

Well characterized particles of polystyrene (8.3 pm diameter, Mw = 114,200 amu)
were produced in a particle synthesis apparatus. A vibrating orifice aerosol generator
(VOAG), specially designed to work with organic solvents [45], generated uniformly
sized droplets of toluene/polystyrene solutions. Although the standard deviation
for the particles used in this study was not measured, the standard deviation was
approximately 0.2 um for similarly sized particles produced with the same apparatus.
The droplets were entrained in nitrogen carrier gas and transported through a heated
drying column installed directly below the VOAG. Inside the drying column, the
temperature of the upper part was maintained below the softening point of the
polymer while the temperature of the lower part was maintained near ambient to
minimize necking of the particles after they were deposited on the cool slides by
gravitational sedimentation. The particle generation procedure was described in
more detail in Chapter 2. The prepared samples were then stored in a dry box

for a minimum of 24 hours prior to use in the experiments.

5.3.3 Procedure

A microscope slide with particles deposited uniformly over the surface was mounted
flush with the surface of the translation stage using the vacuum chuck. The stage was
then moved in steps under the CCD camera to record images of the initial spatial
distribution of deposited particles. A full set of three images, arranged to cover
58 mm of the slide surface with slight overlap (see Fig. 5.2), was obtained both prior
to passing the jet over the surface, and after each subsequent jet pass to record the
spatial distribution of particle removal. Each recorded image contained 640 x 480
pixels with 256 levels of grey and was integrated on the CCD chip for a total of
12 frames (0.4 s) to enhance the signal-to-noise ratio. The level of magnification (32

pm/pixel) in these images is not sufficient to resolve individual particles; however,
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pixel intensity is proportional to the density of the particles within that imaged
region of the sample. Particle loadings were small enough that few pixels see multiple
particles. The first set of three images from each sample served as the definition of
the initial state from which all variations were measured.

Once the initial images were recorded, the air jet with a pressure ratio Pje;/ Patm
was started on the opposite side of a barrier that was positioned to isolate the slide
from the start up transient. The slide was then translated at a constant velocity
under the barrier and then under the air jet. The slide was then returned to the
camera location to record the changes in the surface density of deposited particles.
Fig. 5.3 shows typical images obtained before and after the slide was exposed to the
jet.

In a typical experiment, the sample was passed under the jet 12 times at a fixed
translation speed and jet height but with successively increasing jet pressure. This
was done to maximize the information obtained from a small number of samples based
on the assumption that all particles that can be removed by the jet at a particular
pressure are removed in the first pass. This assumption was tested prior to conducting
the reported set of experiments. The sequence of jet pressure ratios (Pjet/Patm)
employed in these experiments was: 1.11, 1.25, 1.39, 1.53, 1.67, 1.88, 2.10, 2.45, 3.16,
4.57, 5.98, and 6.97. Pressure ratios less than 1.89 produce a subsonic jet flow while
those greater than 1.89 produce sonic flow at the jet outlet. For pressure ratios greater
than 1.89, further expansion of the jet gas downstream of the exit leads to supersonic
flows, so the jets in this regime are termed underexpanded supersonic jets.

Constraints of the particle synthesis apparatus limited single-run production to
nine samples with the desired particle density (300/mm?). Due to slight run-to-run
variations in the polymer particles, the parametric variations reported here are based
upon nine samples produced in a single synthesis run. Parametric investigations
explored the effect of translation speed (1.8, 9.0, 45, and 270 mm/s) and jet height
(2.5, 5, 7.5, and 10 mm) on particle removal. Table 5.1 summarizes the experimental
conditions explored with each sample. The translation speed was fixed at 9.0 mm/s

and the jet height was fixed at 5 mm when they were not the object of parametric
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variation.

5.3.4 Data Analysis

The samples initially contained a nearly uniform density of monodisperse particles.
In the dark-field images, the particles appeared as bright spots on a dark background
(see Fig. 5.3). After passing the sample under the jet, a path (stripe) appeared in the
image as a cleaned (dark) area. This path widened as the jet pressure was increased.
A rectangular region of the images that included the entire “y” extent of the image
and extended from x=2.2 to x=16.0 mm was selected for determining the density
profile of the removal path. The origin and axes of the image coordinate system (x,y)
are shown in Fig. 5.2. The selected “x” extent was limited to avoid inclusion of the
frosted region of the slide on the left of frame 1 and to avoid edge effects at the right
edge of frame 3 (see Fig. 5.2). An average pixel intensity was calculated for each
row of pixels in the selected region and plotted as a point on the density profile of
that region. Neither the initial distribution of particles nor the intensity of the laser
sheet used to illuminate them is perfectly uniform. To account for the variations in
intensity that were present even before particles were removed by the jet, the pixel
intensity profiles for each frame of each sample were corrected by dividing by the
corresponding intensities obtained from the images of the initial state.

The effect of background scattering noise in the cleaned region was reduced by first
determining the “cleaned” level from the center of the path at the highest pressure
and subtracting it from all the profiles before dividing by the initial profile. The final
division process produces a normalized average row intensity (I/I) profile with a
value “0” in the cleaned region and a value “1” in the uncleaned region. To further
reduce the noise on the density profiles, the profiles from each acceptable image
location were averaged. A full set of these corrected and averaged profiles is shown
in Fig. 5.4 that was taken from Sample 1. As the pressure is increased, the profiles
first deepen and then widen.

Several features of these profiles are noteworthy: (1) In some profiles, particularly
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at the lower pressures where particles are just beginning to be removed from the
path, particles are redeposited on the sample beyond the edge of the path to produce
a higher than initial intensity. (2) As the particles start to be removed and form a
dip near the center of the profile, a ridge is visible at the center of the dip. This
ridge represents a region at the center of the path, directly beneath the jet, where
the particles are not being removed as effectively as they are toward the edge of the
path. (3) The slopes of the profiles in the transition from the cleaned path to the
uncleaned edges are similar for all of the profiles except at the highest pressures.

Once the profiles were corrected and averaged for each sample, the path width w,
the removal efficiency € at the center of the path, and the threshold pressure ratio
(Pjet/ Patm)s0% were determined. The path width was simply defined as the distance
between the 50% particle density points on the two sides of the removal path. The
removal efficiency was determined by averaging 25 profile values (0.8 mm) centered
within the removal path. The resulting removal efficiency data were plotted versus

the jet pressure ratio and fitted with a hyperbolic tangent of the form

y = 50 + 50 tanh(Cy(z — C1)) (5.1)

where Cy is representative of the slope of the transition region and C; is the value of
the pressure ratio at which 50% of the particles are removed, the threshold pressure

ratio.

5.4 Results

The influence of jet height and translation speed on the removal efficiency and path
width, and the repeatability of these measures, were examined using the data from
nine samples. In some cases, the data revealed an anomalous narrowing of the
removal path toward the edge of the glass slide (image location 3). Therefore, the
density profiles from the third image location were eliminated from the profile averages

calculated for samples 1, 3, 4, 6, and 7. In addition, the density profiles from the
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second image location of sample 9 were also eliminated due to significantly reduced
removal compared with the first and third image locations from the same sample.
A total of 6 sets of density profiles were eliminated from the 27 sets obtained from
the nine samples; the remaining sets were used to obtain the results reported here.
Examination of the cleaning and deposition process revealed that the edge effect
might be the result of vapor deposition from the metal holder used to support the
samples during the baking process. In the presentation of these results, the removal
efficiency and the path width have been set to zero at a pressure ratio of one, since
this represents the case of no flow. Typical atmospheric conditions in the laboratory
were Py = 97.7 kPa, T = 22°C, and relative humidity of 58%.

The viability of the assumption that all particles that can be removed by the jet
at a particular pressure are removed in the first pass was tested by passing a jet of
a fixed pressure ratio (2.45) over a sample several times at 9.0 mm/s. The resulting
intensity profiles are shown in Fig. 5.5. Note, that there is little change in the removal
profile during the three passes. In fact, the path width only increased by 3% on the
second pass and did not increase further on the third pass. Therefore, the removal
obtained with one pass of the jet is considered representative of the total removal

that is possible for the given conditions.

5.4.1 Repeatability

The experimental repeatability was evaluated using samples 1, 2, and 4 listed in
Table 5.1. The removal efficiency curves and the path widths are shown in Figs. 5.6
and 5.7 respectively. As the jet pressure ratio is increased, both the removal efficiency
and the path width increase. There is some variability in the removal efficiencies
achieved at particular values of the pressure ratio, particularly in the region of rapid
variation. However, the variability of the threshold pressure ratio, (Pjet/ Patm)s0% =
1.41, determined from the standard deviation of the C; parameter of the hyperbolic
tangent fits to these repeatability data, is small, £0.07. Errors in the pressure ratio

measurement, based on the instrumentation used, account for less than half of the
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measured standard deviation. The path width data reveal a fixed offset that persists
to the highest pressures. The path width uncertainty (+0.4 mm) can, therefore, be
estimated in terms of the standard deviation of the path width at the five highest
pressures in the repeatability data set. The average removal efficiency and path width
curves that are shown are used as the baselines for comparison in the parametric
studies of jet height and translation speed. The uncertainties in these parameters are

used to estimate error bars for other data sets.

5.4.2 Jet Height

The jet height was varied from H/D = 5 to 20 at a fixed translation speed of 9.0 mm//s.
The resulting path widths are shown in Fig. 5.8. The threshold pressure ratios are
reported in Table 5.1. Particle removal begins at a low pressure ratio when the jet
is close to the surface. The path widths appear to converge to within experimental
uncertainty after an initial startup. Thus, the overall path width is either independent
of or weakly dependent on the jet height at high pressure ratios. This jet-height
independence suggests that the removal threshold has moved from the impingement
region (Section 5.5.2) to the wall-jet region of the impinging jet flow. In this region,
the jet momentum dictates the extent of the removal rather than the proximity of

the jet to the surface.

5.4.3 Translation Speed

The effect of translation speed on particulate removal was examined over the range
from 1.8 to 270 mm/s at a fixed H/D = 10. The measured path widths are shown
in Fig. 5.9. Both the threshold pressure ratios and the path widths are independent
of speed at 1.8 and 9.0 mm/s. At speeds of 45 and 270 mm/s, the threshold pressure
ratios increase significantly, and the path width is dramatically reduced. The other
parametric studies discussed in this chapter were conducted at a speed of 9.0 mm/s
(see Table 5.1), i.e., at the asymptotic limit of slow translation speed where all the

particles that can be removed by the jet are removed in the first pass.
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Initially, these results were somewhat surprising, since the translation speed is
much smaller than the jet exit velocity. However, consideration of the resuspension
process indicates that translation speed should influence entrainment. Essentially, a
force must be applied to the particles long enough for them to be removed from the
surface; the higher the force, the shorter the required time. Of course, if the force is

too small, then the particles will never detach.

5.5 Particles as Shear Stress Sensors

The results described in Section 5.4 indicate that the particle laden surfaces provide
a sensitive means for probing the effect of jet parameters on the spatial distribution
and the effectiveness of particle removal by impinging gas jets. These variations
were determined from the depth and width of the removal paths. Other features
of the removal profiles (See Fig. 5.4), such as the presence of minima in paths with
incomplete removal and the shape of the path edges, provide additional insight into
aspects of the shear stress imposed by the jet and the distribution of particle removal

forces.

5.5.1 Relationship between Shear Stress and Particle Removal

The force required to remove a particle from a surface will be affected by variations
in the particle size and variations in the surface conditions. We assume that the
distribution of required forces is Gaussian. Removal of 50% of the particles in a given
region then indicates that the jet produces a maximum force on the bound particles
in that region that is equal to the mean force f required for particle removal. Higher
removal efficiencies indicate that the force exerted by the jet is greater than f, and
lower removal efficiencies indicate that smaller forces are exerted.

The removal efficiency data were used to determine the threshold pressure ratio
(Pijet/ Patm)s0% that is required to remove 50% of the particles from the central region
of the removal path. At higher jet pressures, where a clear path was created, the path

width was defined as the distance between the 50% removal points in the particle
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density profile. These points indicate locations where the force exerted by the jet is
also equal to f. The sharp transitions in deposit density, seen in Figs. 5.4 and 5.6,
suggest that the particles yield a nearly quantized force measurement at the surface.
Thus, the removal force distribution function must be quite narrow. It is reasonable
to assume that the imposed force f is a tangential force that is proportional to a

threshold surface shear stress, 75q9.

5.5.2 Shear Stress of Impinging Jets

The impinging jet flow consists of three regions: (1) the free jet region, upstream of
any interaction with the surface, (2) the impingement region, where the jet is deflected
to flow along the surface, and (3) the wall jet region, downstream of the impingement
region, where the flow is aligned with the surface.

Beltaos and Rajaratnam [60, 61] made extensive measurements on both plane (two
dimensional) and circular (axisymmetric) impinging incompressible jets ((Pjet/ Patm) <
1.05). They measured both static pressure and wall shear stress within the
impingement region and emphasized that this region of the flow produces the most
severe hydrodynamic action on the boundary. High values of wall shear stress in the
impingement region indicate that strong tangential forces are being imposed on the
surface and any particles that are bound to it. Both the shear stress, 7,, data of
Beltaos and Rajaratnam and those of Bradshaw and Love [62], for A = r/H < 0.22,

are well described by a single non-dimensional curve:

1 — 6—114,\2

A

Tom

o _ 0.18< ) — 9.43) e 1V (5.2)

The maximum shear stress 7,,, is given by
pU?
2
H
(5)

and occurs at A ~ 0.14. In Eq. (5.3) pU? represents the dynamic pressure (See

Tom = 0.16

Appendix) at the jet exit, and H and D represent the height of the jet exit above the
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surface and the jet exit diameter. These equations and constants were determined
from an approximation to the equations of motion in the impingement region using the
functional form of the pressure and the shear stress determined from measurements
[61]. It is also noteworthy that these measurements were conducted at values of
H/D > 15 and the velocity profile of the jet was fully developed prior to reaching the
surface.

The expressions for the shear stress given in Eqgs. (5.2) and (5.3) were derived for
incompressible (Pje;/Patm < 1.05) impinging circular jets at normal incidence. The
authors are unaware of any shear stress measurements that have been performed in the
impingement region of compressible impinging jets. Since the present work employs
jets with pressure ratios up to 6.97 for which the flow is compressible but for which
no shear stress data are available, we shall use relative shear stress estimates based
upon particle detachment data to examine and extend the applicability of Egs. (5.2)
and (5.3) to the compressible jets used here.

The removal profiles shown in Fig. 5.4 for those cases with incomplete removal
over the entire path reveal a central ridge flanked by two valleys where the removal
is more effective. These valleys indicate the location of the maximum shear stress.
Measurements of the distance, d, between these minima are plotted as a function
of jet height in Fig. 5.10. The error bars represent the standard deviation of this
measured distance, determined from the repeatability data sets, divided by 2H. The
horizontal lines represent the location of the maximum shear stress for incompressible
flow (A = 0.14) and the average location of the maximum shear stress (A = 0.09) data
at H/D > 10 where the value appears to be constant. The threshold pressure ratio
for H/D = 5 (see Table 5.1) is 1.23, which is not much larger than the maximum
of 1.05 studied by Beltaos and Rajaratnam [61]. Although a ratio of 1.23 produces
compressible flow, the density at the jet exit is only 15% greater than the ambient
density. The threshold pressure ratios for the larger heights extend from 1.41 to
2.06, well beyond the incompressible flow limit. Thus, a shift in the location of the
maximum shear stress is not unexpected and may be the result of an increase in the

length of the potential core for these compressible jets [63].
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Dimensional analysis indicates that (7,,/pU?) should scale with (H/D). Eq. 5.3
indicates that, for incompressible fully-developed impinging jets at H/D > 15, (Tom/pU?)
scales like (H/D)~2. Clearly, as (H/D) decreases, the maximum shear stress diverges.
Also, it is not clear what effect compressibility has on the functional relationship. The
present data enable a limited test of this relationship.

In the present work, the threshold pressure ratio (Pjet/Putm)s0% and thus the
threshold dynamic pressure (pU?)so% is determined at a range of jet heights (see
Section 5.4.2). In each case, the imposed shear stress within the removal region is T5g%.
Therefore, it is reasonable to assume that the maximum shear stress, 7,,,, imposed
by each of the threshold jets is equal. Plotting the threshold dynamic pressure versus
(H/D)? (see Fig. 5.11), therefore, yields the relationship between these quantities
independent of variations in 7,,. The error bars used in the plot were determined
from the repeatability data. A linear relationship exists among the first three points,
but the point at H/D = 20 does not lie on the line. The high threshold pressure
ratio (2.06) for that point indicates that the jet was supersonic, while all of the
others were subsonic. Additional data will be necessary to understand the change
in the relationship. Note that the threshold pressure ratio at each value of H/D
is determined using a fixed central width (25 pixels or 0.8 mm) that corresponds
to A < 0.08 for H = 5.0 mm; adjustment of the central width to maintain a fixed
value of A\ for each H/D yielded no significant change in the results. The linear
relationship that exists among the first three points suggests the following expression
for the maximum shear stress imposed by compressible subsonic jets at modest to

low values of H/D.
pU?

- B
" 30.77 +0.48 (£)’

Tom

(5.4)

where the constant of proportionality By, originally 0.16 in Eq. (5.3), is left undefined
since it is not clear what effect compressibility has on its value. This expression is
used to compute relative threshold shear stresses, 7509, for each of the nine samples
(see Table 5.2). The value is nearly By for all but the two highest translation speeds

and the largest jet height. The threshold shear stress increases with the translation
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speed, since larger forces are required to remove the particles when the duration of
the applied force is decreased (see Sections 5.4.3 and 5.5.4). The anomalously low
value of 750y for sample 9 simply reflects the lack of applicability of Eq. (5.4) to this
case.

Since the particles provide a measure of the applied shear stress, the path width
data can be used to probe the radial profile of shear stress and to test the validity of
Eq. (5.2) and its extendability to the description of compressible jets. The threshold
pressure ratio provides a common reference point for jets that are operated at different
conditions. From the threshold pressure ratio, a threshold dynamic pressure (pU?)so%
(See Appendix) and a threshold shear stress 7505 (Eq. (5.4)) can be estimated. This
threshold shear stress is the same at each location where 50% of the particles are
removed for jet pressure ratios exceeding the threshold value. In this way, the location
of the threshold shear stress is determined with each jet pass beyond the threshold
pressure ratio. Non-dimensionalizing the threshold shear stress by the maximum

shear stress of the jet operating at a pressure greater than the threshold yields:

2

G 59

where (pU?) is determined at the jet exit, i.e., the shear-stress ratio is the same as the

dynamic-pressure ratio. Using this ratio alleviates concern regarding the magnitude

of By and the functional dependence of the maximum shear stress on the jet height.

The A from Eq. (5.2) is simply the dimensionless halfwidth w/2H determined in this
study.

A plot of the dependence of the dynamic pressure ratio on radius, ), is shown in
Fig. 5.12 for all of the observations for which it was possible to define a path width.
Eq. (5.2) is also shown on the plot as a solid curve. The data follow the general trend of
Eq. (5.2), although most of the data lie to the left of the curve. Careful examination
reveals that measurements obtained from sample 7 (A) lie almost directly on the
curve; these observations were made at H/D = 5 for which the location of the shear

stress maximum coincided with that of the incompressible jet (see Fig. 5.10). The
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observed shift to smaller radii for the other jet heights is consistent with the maximum
shear stress occurring at A = 0.09. The coefficients in Eq. (5.2) were determined from
a curve fit to incompressible jet data. By fitting the functional form of Eq. (5.2) to
the present data for H/D > 10, the dashed curve was obtained.

5.5.3 Distribution of Particle Removal Forces

We assumed in Section 5.5.1 that the distribution of forces necessary to remove
particles from a surface is Gaussian. The standard deviation of this Gaussian would
provide an indication of the uniformity of particle size and surface condition within the
generated samples. The shape of the removal profiles in the region of transition from
complete removal to non-removal provides insight into the removal force distribution
provided the spatial variation of the applied forces is also known.

The dependence of dynamic pressure ratio on measured path width and the
dependence of maximum shear stress on exit height are well described by Eq. (5.2) (or
modified form for H/D > 10) and Eq. (5.4), respectively. These equations are used
to convert the spatial coordinate of Fig. 5.4 to a shear stress coordinate, expressed in
terms of the unknown constant B,. The normalized intensity values, I /Iy, of Fig. 5.4
are converted to removal probability values by subtracting them from one. The result,
shown in Fig. 5.13 for a single density profile, is the dependence of removal probability
on the applied shear stress. It is reasonable to assume that the applied shear stress
is proportional to the applied force.

The assumed Gaussian distribution [64] for the shear stress (force),

Po—— exp {—1 (ﬂﬂ (5.6)

o/ 21 2

is integrated up to a particular shear stress value, 7, to determine a removal probability,
Prem, for that applied shear stress. The integration is repeated for the full range of
applied shear stresses until a complete removal probability vs. shear stress curve
is generated for the selected mean 7595, and standard deviation o. The calculated

probability curve is compared to the data and the mean and standard deviation are
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adjusted until a suitable fit is found. The integration process necessary to determine

Prem is conveniently eliminated by using tabulated values of the error function:

erf(w) = :}—; /j:) e~ dg (5.7)

so that
0.5(1 — erf(w/v/2)) w <0
Prom = (5.8)

0.5(1 +erf(w/v2)) w >0

where the factors of /2 provide consistency with the definition of the Gaussian
probability, Pg, given in Eq. (5.6), w = (7 — 750%)/0, and ¢ is the integration
parameter. '

Removal probability curve fits were determined for all density profiles with definable
path widths and the averaged parameters for each sample are listed in Table 5.2. The
threshold shear stresses are close to those obtained with Eq. (5.4), demonstrating
reasonable closure. This closure is expected, since Eq. (5.4) is used to convert the
spatial scale to a shear-stress scale; discrepancies between the threshold shear stresses
are due to the differences between the data and Eq. (5.2) (or its modified version)
shown in Fig. 5.12. The standard deviation of the removal force distribution is near

0.26 By for all but two cases, H/D = 20 and V,em = 270 mm/s (see Table 5.2).

5.5.4 Influence of Translation Speed

It was noted in Section 5.4.3 that the path width decreased as the translation speed
was increased. Fig. 5.14 depicts an alternative view of the same data. The solid
curves, calculated with Eq. (5.2) using the appropriate coefficients, represent the
relative magnitude of the wall shear stress distributions for each of the twelve pressure
ratios. The shear stress curve for the maximum jet pressure ratio has been normalized
to a maximum value of one and the curves for lower jet pressure ratios were divided
by the same factor. The vertical extent of the plot has been limited to 0.5 to provide

a clearer view of the data. The purpose here is to show the relative magnitudes
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of the wall shear stress for the various pressure ratios without making any claims
regarding the absolute magnitudes. The dashed curves are the calculated shear stress
distributions for the threshold pressure ratio jets at each of the four speeds (also
divided by the same factor used for the maximum pressure ratio). The two lowest
dashed curves in the plot that lie nearly on top of one another are for 9.0 and 1.8 mm/s
and, as noted above, represent the asymptotic translation speed limit. The threshold
curves for 45.0 mm/s and 270.0 mm/s lie near the fourth and sixth solid curves. The
measured path widths have been plotted on the appropriate solid curves for the jet
pressure ratios that generated the cleaned paths. Each of these data sets begins at
the peak of the applicable threshold shear stress curves. The shear stress is nearly
independent of the path width for each of the translation speeds.

Fig. 5.15 shows the influence of translation speed on the threshold dynamic pressure.
The shear stress required to remove 50% of the particles increases with translation
speed. A line fit to the data indicates that the threshold dynamic pressure for a
stationary sample is 78.8 kPa. For applied shear stresses below this threshold value,
removal efficiencies will not reach 50% no mater how long the exposure time. The
range of validity of this linear relationship cannot be determined with the present
data.

The influence of translation speed on particle removal can be captured with a
model following the approach of Reeks and Hall [65] who used an oscillator model to
explain removal of particles in turbulent flows in cases where the average hydrodynamic
forces did not exceed the surface forces. They assumed that the particle motion
was that of a very stiff lightly damped oscillator that accumulated energy from the
turbulent flow until it had sufficient energy to escape the surface forces.

For the present study, the surface-bound particle is modeled as a simple damped
harmonic oscillator that is subjected to a time varying forcing as the jet passes. As
a first order approximation, a fixed force F' is assumed to be exerted on the particles

for a short duration of time At. This time is proportional to the translation speed.
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The particle equation of motion is written as:
mzZ+ B2+ kz=F[H(t) — H(t — At)] (5.9)

where m represents the particle mass, § and k represent the damping coefficient and
the spring constant, respectively, and H(t) represents the Heaviside step function.
If the particle’s vertical displacement z exceeds a threshold value z,, the particle is
assumed to detach from the surface. The response of the particle to the applied force
is damped by the energy lost in the detachment of the particle. In the limit of infinite
exposure time, the particle will only be removed if the magnitude of the applied force
exceeds the threshold force F, = kz,. If the time duration of the applied force is
too short, the threshold displacement will not be reached and the particle will not be
removed. Thus the applied force must be increased in order to achieve the threshold
displacement within the available exposure time. In this way, the model qualitatively
captures the inverse dependence of the applied threshold force on the exposure time.
Quantitative application of the model will require knowledge of the particle’s adhesive

forces and internal damping.

5.6 Summary

The translating jet is a useful tool for probing particle removal by impinging jets.
The variation of particle removal with location in the cleaned stripe can be related to
the local shear stress of the steady impinging jet since start-up transients are avoided.

The threshold pressure ratio for particle removal increases with jet height and
with translation speed. At high pressure ratios the path width is independent of jet
height. By relating the threshold dynamic pressure to the wall shear stress profiles,
an observed reduction in path width with increasing translation speed is explained.
A harmonic oscillator model for particle detachment accounts for the influence of
translation speed on the threshold dynamic pressure.

The relationship between the dynamic-pressure ratio of the jet and the width
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of the cleaned path is similar to that between the surface shear-stress ratio and
radial distance for an incompressible circular jet at normal impingement [61]. For
jet pressure ratios beyond the incompressible flow limit, similar trends are observed
although the maximum shear stress shifts to smaller radii. The close agreement
between the shear stress distribution inferred from particle removal profiles and
published measurements of the surface shear stress suggests that the monodisperse
polymer particles developed for this study provide a direct, though as yet uncalibrated,
measure of the surface shear stress. Further, the assumption of a Gaussian distribution
of the removal forces yields an estimate for their standard deviation. From these
results, it appears that knowledge of the pressure ratio that is required to remove
50% of the particles from the central region of the removal path provides sufficient

input to predict particle removal at higher pressure ratios.

Appendix

The dynamic pressure at the jet exit (pU?)egs is determined from the jet pressure ratio
Pjet/ Patm, and the reservoir conditions using the compressible flow equations. P,
represents the absolute pressure just upstream of the jet nozzle (reservoir pressure)
and P,;,, represents the absolute pressure in the laboratory. In the following discussion,
the flow is assumed to be isentropic and the gas is assumed to be ideal [47]. The
subscript ezt refers to conditions at the nozzle exit (the minimum opening or throat).

For an ideal gas, the sound speed a is:
a®> = yRT (5.10)

where v = C,/C, is the ratio of specific heats, R is the gas constant and T is the

absolute temperature. Assuming isentropic flow, Eq. (5.10) yields:

., =a’ <@>—(7 (5.11)

exit jet P
exit
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Applying conservation of energy to the isentropic flow, the jet velocity is found to be:

P\~ [ 2
Ubwit = Gjer {1 - (—ij> P (5.12)

Further using the isentropic flow relations to determine the gas density at the jet
exit and the ideal gas law to relate the reservoir density to the ambient density, the

dynamic pressure for subsonic flow conditions becomes:

(zljj;)%l = 1} <%> (5.13)

For choked flow, P,.;; > Pum and the velocity at the exit U,y is equal to the

(pU2 ) exit — Patm a?et

sound speed at the exit @y In this limit, the pressure ratio becomes:

Pjet 7+1 7_1_1
. 't=( : ) (5.14)

and the sound speed and the density become:

2
2 2
Uit = Qe (m) (5.15)

9 \ 7T
Pexit = Pijet <m> (5.16)

Since Ugyit = Gegir the dynamic pressure at the nozzle exit is:

e
2 \71 /P
U ewit = Patm0;| —— (-—?”) 5.17
(p ) t Pat a]et<7 1) Patm ( )

When the flow at the nozzle exit is choked, the dynamic pressure is linearly proportional
to the jet pressure ratio. When the pressure ratio exceeds the choked flow limit, the

flow will continue to accelerate in the free jet region leading to supersonic flows.
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Table 5.1: Parameters and threshold results for each sample.

Sample H H/D Vtrans (F)jet/Patm)SO% (pU2)50%

(mm) (mm/s) (1) (kPa)
1 5.0 10 9.0 1.45 78.8
2 5.0 10 9.0 1.37 67.2
3 5.0 10 1.8 1.46 80.2
4 2.0 10 9.0 1.51 88.8
5 9.0 10 45.0 1.53 91.1
6 5.0 10 270.0 1.90 142.4
7 2.5 9 9.0 1.23 42.7
8 7.5 15 9.0 1.86 138.0
9 10.0 20 9.0 2.06 154.2
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Table 5.2: Threshold shear stress and its standard deviation (Values expressed in
terms of unknown constant By).

Sample T50%(kPa) Tso% (kPa) o
Eq. (5.3) (Gaussian Fit) (Gaussian Fit)
1 1.00 1.05 0.25
2 0.85 0.95 0.26
3 1.02 1.03 0.29
4 1.13 1.14 0.26
) 1.16 1.16 0.28
6 1.81 1.67 0.46
7 1.00 1.07 0.26
8 0.99 1.00 0.24
9 0.69 0.76 0.15
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Chapter 6 Entrainment of Fine
Particles from Surfaces by Gas Jets

Impinging at Oblique Incidence

6.1 Abstract

This chapter describes an experimental study of the removal of fine (12 ym) polystyrene
particles from a glass substrate using a gas jet that impinges obliquely onto a particle
laden surface. In order to avoid transient affects associated with jet startup, the
sample was slowly translated under a steady jet. The translating gas jet produces
a long clean path that provides very good statistics for exploring the effect of jet
parameters. This study focuses on the dependence of the spatial distribution of
removal on the jet pressure ratio and impingement angle. The jet is translated over
the sample both longitudinally and transversely to determine both the width and the
length of the particle removal footprint. The width of the removal footprint increases
and the length decreases as the impingement angle is increased. Previous researchers
have reported contradictory results regarding the dependence of removal efficiency
on impingement angle; this chapter seeks to resolve these differences. For the steady
jet, the threshold pressure ratio required for 50% particle removal increases with
decreasing impingement angle. In addition, the well characterized particles on well
characterized substrates provide insight into the surface shear stress imposed by the

oblique jet.
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6.2 Introduction

Removal of fine particles from surfaces is vital to surface cleaning and contaminant
detection. In the semiconductor industry, particles cause defects that reduce product
yield. In forensic science, detection of explosives, drugs, and other contaminants on
surfaces is often limited by the low volatility of the particulate material. Aerodynamic
entrainment of particles may provide a suitable non-contact means to clean surfaces
and may improve transport to analytical instruments, thus enhancing the detectability
of contaminants.

Impinging gas jets are commonly used for aerodynamic extraction of fine particles
from surfaces, and several investigators have studied them. Methods examined include
particle removal using steady gas jets [22, 23, 16, 17, 18, 19, 20, 21], pulsed gas jets
[22, 23, 24], and oscillating gas jets [25]. The term “steady” is applied to studies in
which no intentional effort was made to enhance removal with dynamic variation of
the jet flow. Most of the “steady”-jet studies employed solenoid valves to turn the jet
flow on and off while the sample was positioned below the jet so the particle laden
samples were exposed to a jet start-up transient [22, 23, 17, 18, 19, 20]. Liu et al.
[16] may have had smaller start-up transients, since they used a manual needle valve
to control the jet flow. In our previous work, a sample was passed under a steady jet
at normal impingement after the startup transient had subsided [21].

Previous studies of the effect of impingement angle on particle removal have
yielded conflicting results [22, 20]. To facilitate comparison of these studies, a
dimensionless jet height H/D is introduced. The jet height, H, is measured along
the jet axis from the center of the nozzle exit to the surface and D is the nozzle
exit height or diameter. Otani et al. [22] found that the removal efficiency during
60 second exposure to the jet improved with decreasing angle of impingement from
90° to 30°, while Gotoh et al. [20] found that an impingement angle of 30° was
least effective and 45° was most effective when they exposed samples to a jet for
10 seconds. Three notable aspects of the two studies may account for the resulting

contradiction: (1) both studies exposed the samples to startup transients, (2) Otani
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et al. [22] operated their jet at H/D = 12, while Gotoh et al. [20] operated their
jet at H/D = 40, and (3) both studies employed small measurement areas located
at the geometric intersection of the jet axis and the surface, i.e., Gotoh et al. [20]
measured removal within an area 1 x 1 mm? while Otani et al. [22] measured removal
within an area 1 x 4 mm?2. The strength of the startup transient of the jet flow will
depend on the opening time of the solenoid valve and the length and impedance of
tubing and other flow components upstream of the nozzle. Moreover, the resulting
transient will decay with downstream distance after exiting the jet nozzle. At normal
incidence, the stagnation point, which produces no particle removal, is located at
the geometric intersection of the jet axis with the surface; as the incident angle is
decreased, the stagnation point moves upstream along the surface. Therefore, the
use of a small measurement area at the geometric impingement point may yield
misleading results as the impingement angle is decreased, if the stagnation point
moves a significant fraction of the length of the measurement area. Further discussion
of these contradictory results is provided in Section 6.5.

The present study is aimed at understanding the affect of impingement angle
on particle removal by steady gas jets. Previous work on particle removal using an
impinging jet at normal incidence [21] has demonstrated that translating the sample
under a steady jet provides a sensitive means to evaluate the effect of jet parameters
on particle removal by impinging steady gas jets. Here, we apply the same technique
to the study of impingement angle effects. Translation of the jet relative to the surface
cleans a stripe on the surface. Some of the forces imposed by the jet can be deduced

from the spatial distribution of removal efficiency.

6.3 Experimental

6.3.1 Translating Jet Apparatus

The apparatus used for this investigation, which is illustrated in Fig. 6.1, is the one

used in the previous study of normal impingement [21]. A rotation stage has been
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added to manually set the impingement angle. The camera mount has also been
modified to allow alignment of the long axis of the image with the short axis of the

sample (see Fig. 6.2).

6.3.2 Sample Preparation

Quantitative studies of particle entrainment by impinging gas jets require test samples
that consist of well characterized particles on well characterized surfaces. The surfaces
were prepared using the same procedure described in Smedley et al. [21]. Uniformly-
sized, spherical polystyrene particles (12 pm diameter, Mw = 18,700 amu) were
produced in a particle synthesis apparatus [21]. The prepared samples were then

stored in a dry box for a minimum of 24 hours prior to use in the experiments.

6.3.3 Procedure

The procedure followed for these experiments is nearly identical to that used in the
normal jet study [21] with a few notable changes. The position and orientation of the
three images were changed to provide a wider view of the sample (see Fig. 6.2). The
impingement angle was the central focus of this study, so the jet height (H/D = 10)
and the translation speed (1.8 mm/s) were held fixed. The jet exit diameter remains
0.5 mm. The jet pressure was stepped through the following sequence of pressure
ratios (Pjet/Pam): 1.11, 1.18, 1.25, 1.39, 1.53, 1.67, 2.09, 2.45, 3.16, 4.57, 5.98, and
6.97.

Previous constraints on the particle synthesis apparatus that limited single-run
production to nine samples with the desired particle density (300/mm?) [21] have been
overcome so that 12 or 15 samples could be produced in a single run. The experiments
reported here were conducted using samples from three synthesis runs: (A) 12 samples
for the oblique jet experiments, (B) 3 samples for the multipass experiments, and
(C) 15 samples for the transverse-oblique jet experiments. Due to slight run-to-
run variations in the polymer particles, comparisons between synthesis runs must

be done cautiously. Parametric investigations explored the influence of impingement
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angle, measured with respect to the sample surface, (30°, 45°, 60°, 75°, and 90°)
on particle removal. The jet was translated over the sample both longitudinally
and transversely to determine both the width and the length of the particle removal
footprint. Figure 6.3 depicts a conceptual view of the 50% removal contour (removal
footprint), based on shear stress measurements of previous investigators [66], produced
by an oblique impinging jet. The velocity vectors, labeled V;, and V7, indicate the
longitudinal and transverse directions of motion for this footprint. The dimensions
(u, d, w, L) included on the figure are used in subsequent plots of the results.

To study the removal produced by the transverse motion of the jet, the jet
supporting and adjustment hardware was repositioned. A scribed line was used as a
fiducial mark to facilitate alignment of the geometric impingement point of the jet
with the central long axis of the sample. It was necessary to first manually align the
geometric impingement point with the fiducial mark and then offset the jet location a
known amount to ensure that both path edges would be visible in the imaged region
of the sample. Table 6.1 summarizes the experimental conditions explored with each

sample.

6.3.4 Data Analysis

The dark-field images were processed to determine the pressure ratio required to
remove 50% of the particles (threshold pressure ratio) and the path width [21]. As
before, the threshold dynamic pressure is calculated from the threshold pressure ratio.
Since the orientation of the present images is different from the previous study, the
selected rectangular region of the images included the entire “x” extent of the image
and extended from y=0 to y=14.6 mm. The origin and axes of the image coordinate
system (x,y) are shown in Fig. 6.2. The selected “y” extent was limited to avoid
inclusion of the frosted edge of the slide at the top of frame 1 and the overlapping
regions between the frames. An average pixel intensity was calculated for each column
(x = constant) of the selected region and plotted as a point on the density profile of

that region.
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6.4 Results

The influence of multiple passes and impingement angle (longitudinal and transverse
translation) on the removal threshold and path width, and the repeatability of these
measures, were examined using data from 24 samples (see Table 6.1). All 24 samples
yielded well defined uniform path-widths in at least two of the three recorded frames
from each pass. Of the six samples excluded from the final data, two were not
subjected to the jet flow and four exhibited non-uniform removal. In the presentation
of these results, the path width is set to zero at a pressure ratio of one (no flow)
and the path width is non-dimensionalized with respect to the jet exit diameter, D.
Atmospheric conditions in the laboratory were Pg,, = 97.4 kPa, T = 22°C, and
relative humidity of 54%.

6.4.1 Multiple Passes

The assumption that the path width produced by the first pass of the jet is
representative of its particle removal capability was tested by passing a fixed pressure
ratio (4.57) jet over a sample 12 times at 1.8 mm/s and H/D = 10. The resulting
path widths are shown in Fig. 6.4. There is little change in the removal profile
during the 12 passes. In fact, the path width increased by only 11% by the third
pass and did not increase further on the subsequent passes. The removal obtained
with one jet pass therefore represents the total removal that is possible for the given
conditions. The square point on the plot, with error bars, indicates the mean (+o),
from seven samples (see Table 6.1), of the path widths produced by a normal jet
at a pressure ratio of 4.57 using the standard incremented pressure method. The
measured agreement between the path widths produced by the multipass method
and the incremented pressure method further reinforces the use of a single pass to
characterize the jet removal potential. Exposure of particles to subthreshold forces

does not significantly influence their subsequent removal.
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6.4.2 Repeatability

The experimental repeatability is similar to that reported in Smedley et al. [21]. In
the present experiments, at least two samples were used for each impingement angle.
The measured threshold pressure ratios for each angular case are within 2.5% of each
other, with the majority within 1.0%. These variations are within the measurement
error of the jet pressure.

The repeatability of the path width at 90° impingement is shown in Fig. 6.5
for each of the three synthesis runs. The path width uncertainty is determined by
averaging the standard deviations of the measured path widths at the five highest
pressure ratios for each synthesis run. The uncertainties are £0.35 mm (Run A),
+0.69 mm (Run B), and +0.10 mm (Run C). Inclusion of all seven of these cases
yields an overall uncertainty of +0.45 mm, less than one exit diameter. In subsequent
plots, average path widths (see Fig. 6.5) from relevant synthesis runs are used for
comparisons among the various impingement angles. The uncertainties in the threshold

pressure ratios and path widths are used to estimate error bars for the data sets.

6.4.3 Impingement Angle

The effect of impingement angle on path width and removal threshold was examined
over the range from 30° to 90° for both longitudinal and transverse translation.
Samples from synthesis run A and C were used for the longitudinal and transverse
studies, respectively. The path widths determined from longitudinal and transverse
translation, shown in Fig. 6.6, are measures of the width, w, and length, L, of
the removal footprint produced by the jet (see Fig. 6.3). The width increases and
the length decreases with increasing impingement angle. As expected, the removal
footprint becomes more oblong as the impingement angle is decreased from 90°.
Since the long axis of the removal footprint is asymmetric relative to the geometric
impingement point, the path width is not expected to increase symmetrically at
each edge. Figure 6.7 depicts the growth of each edge of the path, for transverse

translation, as the jet pressure ratio is increased. At 90° impingement both v and d
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increase symmetrically, while at smaller angles d increases more rapidly than u. In all
cases, the stagnation point was assumed to be at the center of the first visible partial
removal path. Disagreement between this estimate of the stagnation point location
and the location of the geometric impingement point based on alignment with the
fiducial mark (see Section 6.3.3) was found to be less than D/2. Since no consistent
trend was found, the deviation is likely dominated by error in the manual alignment
of the geometric impingement point with the fiducial mark.

The dependence of the threshold dynamic pressure on the impingement angle
is shown in Fig. 6.8 for both the longitudinal and transverse cases. The threshold
dynamic pressures increase with decreasing impingement angle and are independent
of the translation direction. A higher pressure ratio is required to remove 50% of the

particles at 30° than at larger angles.

6.5 Discussion of Results

6.5.1 Comparison to Previous Research

Previous researchers have reported diametrically opposed trends in the dependence
of the threshold pressure on the angle of impingement [22, 20]. The present study
demonstrates that the threshold pressure ratio decreases as the impingement angle is
increased from 30° to 90°. Our measured trend agrees with that found by Gotoh et
al. [20]; however, this agreement does not imply that the results of Otani et al. [22]
are invalid.

The present measurements suggest that the results of Gotoh et al. [20] and Otani
et al. [22] disagree because they were studying different systems. Both of the previous
studies used a solenoid valve to turn the jet flow on and off while the sample was
located below the jet exit; thus exposing the sample to the jet start-up transient.
The jet of Gotoh et al. [20] was positioned at H/D = 40, while the jet of Otani et al.
[22] was positioned at H/D = 12. Since the start-up transient decays with distance

downstream of the jet exit, the jet would be expected to appear more “steady” at
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H/D = 40 than at H/D = 12. The present study prevents exposure of the sample
to the jet start-up transient; therefore, agreement with the trend observed by Gotoh
et al. [20] indicates that their jet, despite being turned on and off above the sample,
produced removal trends that are characteristic of a “steady” jet.

The above explanation also aids in clarifying another set of contradictory results.
Masuda et al. [23] concluded that pulsing a jet on and off yielded removal equal
to a steady jet left on for the same total on-time of the pulsed jet. In contrast,
Otani et al. [22] found that 10 to 20, 1 second pulses produced greatly enhanced
removal compared to 120 seconds of exposure to a steady jet. The jet of Otani et
al. [22] was closer (H/D = 12) to the sample surface than the jet of Masuda et
al. [23] (H/D = 40), so the start-up transient produced a measurable advantage.
Later, Gotoh et al. [25] compared removal produced by an oscillating jet with their
original jet and found a factor of 42 (76.3% versus 1.8%) improvement in the removal
efficiency. However, the oscillating-jet nozzle had an exit height of 1.0 mm while
the original-jet nozzle had an exit height of 0.25 mm. In the reported experiments,
both jets were directed at the sample surface with an impingement angle of 45° at a
distance of 10 mm; therefore, H/D = 10 for the oscillating jet and H/D = 40 for the
original jet. Since the maximum surface shear stress produced by the jet is inversely
proportional to (H/D)? [61] and the jet transients are stronger at smaller H/D, it is
not surprising that the removal was greatly enhanced. However, to determine the true
benefit derived from the oscillating jet relative to their original one, the experiments
would have to be repeated at the same H/D values.

A curious result was found by Gotoh et al. [20] that is perhaps worthy of mention
since it may in fact be an artifact of their measurement technique. At several jet
pressure ratios they found that the fraction of removed particles, measured in a

2 area centered on the geometric impingement point, reached a maximum

1x1 mm
near 45°. The result may in fact be due to the movement of the jet stagnation point
as the angle is changed [63]. Measurements by Donaldson and Snedeker [63] for a
round jet at H/D = 39.1 indicate that the stagnation point shift ranges from 1.8D

to 2.2D for jet pressure ratios ranging from 1.25 to 6.75 as the impingement angle
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is decreased from 90° to 45°. Assuming the shift is similar for the planar jet used
by Gotoh et al. [20], a shift of 2D (0.5 mm) is half the length of their measurement
area. Since the stagnation-point shift is a significant fraction of their measurement
area, it may have a significant affect on their measured removal; therefore, it is likely
that the measured maximum is anomalous. For the present study, the expected shift
based on the results of Donaldson and Snedeker [63] is 1D (0.5mm). However, since
the removal efficiency is determined by averaging the central region of the density
profile of the removal path [21] and the position of the removal path is not assumed
in advance, the computed removal efficiency is not sensitive to the stagnation-point

shift.

6.5.2 Shear Stress of Oblique Jets

The relationship between shear stress and particle removal was discussed in Smedley
et al. [21] along with a suitable non-dimensionalization for the shear stress that was
taken from Beltaos and Rajaratnam [61]. It is sufficient for the present discussion to
state that the dynamic pressure ratio is effectively identical to the shear stress ratio.
The same non-dimensionalization is applied to the measured footprint widths, w, and
presented in Fig. 6.9 to collapse them to a single curve. The excellent collapse of the
data indicate that the impingement angle has no significant affect on the shear stress
distribution across the width, w, of the impingement footprint (see Fig. 6.3). Once
again, provided the threshold dynamic pressure is known, the width of the removal
path can be determined from the dynamic pressure of the impinging jet.

The results for the measured footprint lengths, L, do not collapse when non-
dimensionalized in the same way as the width results; therefore, the shear stress
distribution along the length of the removal footprint changes significantly with
impingement angle. However, the dependence of this shear stress distribution can be
revealed by the particles since they provide a measure of the shear stress. The data are
shown in Fig. 6.10 with the upstream v and downstream d edges of the path plotted

separately. The separation of the upstream and downstream measurements clearly
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shows that the shear stress gradient increases on the upstream side and decreases on
the downstream side as the impingement angle is decreased. This is consistent with
previous researchers [66] and with the observation that the edges of the removal path

were more abrupt on the upstream side than the downstream side.

6.6 Summary

The translating jet is a useful tool for probing particle removal by oblique impinging
jets. The width of the removal footprint increased and the length decreased as the
impingement angle was increased from 30° to 90°. The threshold dynamic pressure
monotonically increased with decreasing impingement angle, demonstrating that a
steady impinging jet can more easily remove particles at 90° incidence than at smaller
angles.

The spatial variation of particle removal in the cleaned path can be compared to
the local shear stress of the steady impinging jet since start-up transients are avoided.
The dynamic-pressure ratios of the jet and the widths of the removal footprint collapse
to a single curve for the range of impingement angles studied here. Therefore, the
impingement angle has no significant affect on the shear stress distribution across the
width of the removal footprint (see Fig. 6.3). The measured lengths of the removal
footprint do not collapse to a single curve when the same non-dimensionalization is
used. However, since the particles provide a direct, though uncalibrated, measure of
the surface shear stress, their removal reveals the relative shear stress distribution
along the length of the removal footprint.

The results presented here for the oblique impinging jet provide a plausible
explanation of the diametrically opposed trends reported by previous researchers
[22, 20]. The evidence suggests that the large H/D used by Gotoh et al. [20] weakened
the transient flow effects at the sample surface such that the reported trend in removal
threshold with impingement angle is consistent with those for the steady jet explored
here. Otani et al. [22] employed a jet at a smaller H/D; therefore, transient flow

effects at the sample surface were non-negligible and yielded an opposite trend in the
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removal threshold with impingement angle when compared to the steady jet.

In practical applications of particle removal and collection, the critical issue to
address is the best angle to use. The present results indicate that although normal
impingement yields the lowest threshold pressure ratio, transverse translation of the
jet at 30° impingement yields the widest removal path at a given pressure ratio. The
collection efficiency must also be maximized if particle collection is the goal. Small
angle impingement combined with collection downstream of the impingement point
should minimize directional changes of particle trajectories and yield higher collection
efficiency. Whether the jet should be translated in the transverse or longitudinal
direction (or some angular orientation in between) may be dependent on the particles
being removed and collected, since the time history of the magnitude and direction
of the applied shear stress is dependent on the orientation and translation speed of

the jet.
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Table 6.1: Parameters and threshold results for each sample.

Synthesis 0 (Pjet/ Patm)son  (PU?)s0%
Run (degrees) (kPa)
A 90 1.18 34.3
90 1.18 34.3
90 1.19 36.1
75 1.20 37.9
75 1.19 36.1
60 1.19 36.1
60 1.19 36.1
45 1.21 39.7
45 1.20 37.9
30 1.24 45.0
30 1.24 45.0
B 90 1.17 32.5
90 1.18 34.3
90 multipass multipass
C 90 1.19 36.1
90 1.16 30.7
75 1.18 34.3
75 1.18 34.3
60 1.23 43.2
60 1.18 34.3
45 1.21 39.7
45 1.20 37.9
30 1.23 43.2

30 1.22 41.5
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Chapter 7 Inviscid Jet Impingement

7.1 Abstract

Exact solutions to the stream-vorticity equation for two-dimensional and axisymmetric
impingement flow with arbitrary velocity profile are found in terms of a surface
integral involving the vorticity function. These solutions are applied to the normal
impingement of a jet onto a flat surface by approximating the vorticity integral
within the impingement region. Surface pressure distributions and streamline plots
are calculated for various impinging jet configurations, including plane, round, and
annular jet nozzles. The calculations show excellent agreement with previous

experimental and numerical results.

7.2 Introduction

Gas jet impingement on surfaces is used in technologies including jet stripping [67],
impingement drying, and surface cleaning. The shear induced along the surface
provides the impetus for these technologies. The inviscid flow just outside the boundary
layer provides the boundary conditions for solution of the boundary layer equations
that are needed to determine the heat and mass transfer to the surface.

A number of investigators have developed inviscid flow models for this region
(68, 69, 70, 71, 72]. Strand [68] analytically obtained the flow field for potential
jet impingement. This solution is relevant to the impingement of a jet very close
to the surface, so that impingement occurs before the emanating fluid has mixed
with the quiescent fluid. The inviscid impingement of fully developed laminar pipe
flow was considered by Scholtz and Trass [69], who determined an analytical solution
assuming a parabolic influx velocity profile. Again, this solution is valid only for small

pipe to plate spacings. Parameswaran [70] used a Green’s function method to solve
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the two-dimensional stream-vorticity equation for impingement of a fully developed
turbulent plane jet. Rubel [71, 72] considered jet impingement that included the
turbulent mixing that occurs with the quiescent fluid, by using the fully developed and
developing free jet velocity profile as the influx flow to the impingement region. Rubel
cast the two-dimensional and axisymmetric stream-vorticity equations into finite-
difference form and solved using relaxation techniques. Although Rubel considered a
wider variety of influx velocity profiles than the previous inviscid models, divergence
of the iterative procedure limited the profiles to ones that included small velocity
defects.

In the present work, Rubel’s formulation of the problem for two-dimensional and
axisymmetric inviscid jet impingement is used as a starting point. A converging
infinite series solution to the governing equations is derived for an arbitrary influx
streamfunction in terms of a surface integral of the vorticity function over the whole
region of interest. Assumptions concerning the vorticity throughout the flow allow
an approximate determination of this integral, and thus a semi-analytical solution of
the full flowfield. The final solutions are compared with Rubel’s numerical solutions
and experimental measurements of the surface pressure distributions created by fully
developed and developing jet impingement. The present method of calculation requires
significantly less computation time than Rubel’s iterative method, since only series
coefficients need to be computed. Furthermore, the present method can handle influx
velocity profiles with arbitrarily large velocity defects. To illustrate this point, the
impingement of an annular jet profile, which resembles a fully developed round jet
profile with a severe core velocity deficiency, is considered in Section 7.6.2. The flow
field created by the impingement of an annular jet is relevant to the interaction of

V/STOL aircraft exhaust with the ground [73].

7.3 Formulation

In accordance with Rubel’s formulation, all lengths and velocities are

nondimensionalized with the influx velocity halfwidth and the maximum influx velocity,
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respectively. The coordinate system is shown in Fig. 7.1 with y upward and perpendicular
to the surface, z horizontally outward for the two-dimensional case, and r radially
outward for the axisymmetric case. The velocity components are u, parallel to the
surface, and v, perpendicular to the surface. The governing equations are:
0%y 0%

EER Qz,y) (7.1)

and

0%y 0% 10y o
a—y2+w—;a—r Qr,y) (7.2)

for two-dimensional and axisymmetric impingement, respectively. In Eq. (7.1), the

stream and vorticity functions are defined:

oy o
5~V oy u (7.3)
ou Ov
and in Eq. (7.2):
o oy
5 = T, 9y U (7.5)
1/0u Ov
b= (5}; - 5?) (7.6)

The stream function is defined to be zero along the jet centerline and the surface.
The influx stream function, F'(x), can be determined from the given influx velocity
profile at some distance, b, above the surface. The outflux streamlines are assumed to
become parallel at some sufficiently large distance, a, from the jet centerline. These

boundary conditions are written:

¥(z,0) =0 (7.7)
$(0,y) =0 (7.8)
% (a,9) = 0 (79)

z
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P(x,b) = F(x) (7.10)

where x is simply replaced by the radial coordinate, r, for the axisymmetric case.

7.4 Analytical Solutions

7.4.1 Two-dimensional Solution

To solve Eq. (7.1) analytically, given the inhomogeneous mixed boundary conditions,
Egs. (7.7)-(7.10), the general solution was assumed to be the sum of the solution, vy,
to the Laplace equation subject to the given boundary conditions and the solution,
Yy, to the given Poisson equation subject to homogeneous boundary conditions. The

most general solution to the former is found by separating the variables:
Yu(z,y) = [Asin(kz) + B cos(kx)][C sinh(ky) + D cosh(ky)] (7.11)
Applying the first three boundary conditions, Eqgs. (7.7)-(7.9), the solution becomes:

Yy (z,y) = i Ay sin(y,z) sinh(v,y) (7.12)

n=1

2n—1
2a

condition, Eq. (7.10):

where 7y, = 7. The constants A, are determined by applying the last boundary

i A, sin(y,z) sinh(y,b) = F(z) (7.13)

n=1
Multiplying both sides of Eq. (7.13) by sin(y,z)dx and integrating from 0 to a yields:

2 @ / : / !/
= - 014
A, 2snh (D) /o F(z') sin(y,2")dx (7.14)

The solution to the Poisson equation subject to homogeneous mixed boundary

conditions is found by expanding both the stream and vorticity functions in the
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following Fourier series:

vi(z,y) = i i Cran sin(ap,y) sin(y,x) (7.15)
) = 32 3 B sinfa) sin(,) (7.16)

where o, = %*. The Fourier coefficients, By, in Eq. (7.16) are written as a surface

integral involving the vorticity function:

Buw = [* [ (e, v/) sinoim) sin(ye) /' (7.17)
mn—ab o Jo T,y )simany )s TnT )ay ax .

Using Egs. (7.1), (7.15), and (7.16), we can solve for Cpy,:

’_an

mn — 7.1
“ T+ o, (718)
The general solution to Eq. (7.1) is the sum of ¢y and ;:
> an . .
U(z,y) Z Ay sinh(vay) — > ——— sin(any) | sin(y,z) (7.19)
n=1 m=1 771 + am

This result is the stream function distribution assuming parallel influx and outflux
flow far from the origin. Note that the simple inviscid corner flow solution, 1 ~ zy,
is recovered as x and y become very small.

Applying Eq. (7.19) to impinging jets requires knowledge of the vorticity function
throughout the whole region so that the coefficients, B,,,, can be determined from Eq.
(7.17). Although we don’t have the information necessary to compute B,,, exactly,

an approximation of the surface integral is provided in Section 7.5.

7.4.2 Axisymmetric Solution

The procedure to calculate the general solution of the axisymmetric case is identical to

that presented in Section 7.4.1 for the two-dimensional case. The resulting homogeneous
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stream function is:

Yu(r,y) = i Dy rJi(Anr) sinh(A\,y) (7.20)

n=0
where \,, are defined such that Jy(A\,a) = 0. Again, the coefficients, D,,, are determined
from the fourth boundary condition, Eq. (7.10):

2 a
Dn - F ! " / d ’ 21
a?JE(Ana) Sinh()\nb)/o (r') i (Anr”)dr (7.21)

The inhomogeneous solution, 1y, is determined by expanding the stream function

and the right-hand side of Eq. (7.2) into the following series:

Yr(r,y) = i i_o: Fonr J1( M) sin(amy) (7.22)
r2Q(r,y) = i i Ernr J1( M) sin(amy) (7.23)

where, once again, a surface integral involving the vorticity function is embedded in

the series coefficients, Fy,y,:

2
Fron = baz‘Jl ) / / Qr',y) h(Anr") sin(amy)dy'dr’ - (7.24)

Using Egs. (7.2), (7.22), and (7.23);

_Emn
aZ + N2

n

an=

(7.25)

The general solution to Eq. (7.2) subject to the boundary conditions, Eqs. (7.7)-
(7.10), is:

[ee] oo

Y(r,y) = | Dysin(X Z )\2 sin(amy) | rJi(Anr) (7.26)

n=0 = n
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7.5 Evaluating the Vorticity Function Integral

To apply Eqgs. (7.19) and (7.26) to the physical problem of impingement flow, the
surface integrals in Egs. (7.17) and (7.24) must be evaluated. Therefore, some
information about how the vorticity function behaves within the region of interest is
required. Due to the inviscid approximation, the vorticity is constant along streamlines;
so £ = Q(¢). This alone is not sufficient to solve the surface integral; however, if we
also assume that the influx velocity halfwidth is small compared to the integration
limits, a and b, then we can approximate the stream function (and thus the vorticity
function) over most of the region with a far-field expression. This implies that
redirection of flow possessing non-negligible vorticity is confined to a very small area
compared to the whole domain. However, because of thus, vorticity introduced into
the flow far from the jet centerline cannot be accurately accounted for using this
approach. Fortunately, for the case of simple jet impingement, this constraint doesn’t
pose a problem.

The small near-field region close to the intersection of the jet centerline and the
surface must be treated separately. Hence the surface integrals are split into the three
regions portrayed in Fig. 7.1: the inflow region, I, and the outflow region, III, which
require far-field solutions, and the impingement region, IT, which requires a near-field

solution.

7.5.1 Far-field Solutions

The approximation for region I stems from the assumption that the influx near the
centerline does not sense the presence of the surface until it is very close to the surface.
The vorticity function is, therefore, determined by the influx condition and can be

expressed in terms of the influx stream function, F(z), as

Q(z) = F' (), (7.27)

O (r) . (7.28)
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for two-dimensional and axisymmetric cases, respectively.

Similar to the reasoning for region I, we assume that the vorticity close to the
surface in region III approaches the outflux condition very soon after redirection.
This condition is a little harder to implement directly since the outflux boundary
condition only assumes parallel streamlines. Therefore, we refer to Rubel’s method
[71] for converting the mixed boundary conditions to Dirichlet boundary conditions.
For the two-dimensional case, Rubel showed that Egs. (7.1) and (7.9) imply the
outflux condition, ¥(a,y) = F(y). Hence, the vorticity function in region III is taken

to be:
Qni(y) = F'(v) (7.29)

for the two-dimensional case.

Similarly, Rubel showed that Egs. (7.2) and (7.9) imply the axisymmetric outflux
condition, ¥(a,y) = F(y/2ay). Since the outflux stream function profile depends
on the radial location of the boundary, a, it seems reasonable that, as the outflux
condition is approached for large radial distances, the far-field stream function could
be written as ¢(r,y) = F(y/2ry), which approaches the parallel outflux condition far

from the origin. Therefore, we have for the axisymmetric case:

Qmi(r,y) = Fggg) - F;(f) (7.30)

where £ = /2ry.

7.5.2 Near-field Solutions

The vorticity function in region II is determined from the streamfunction behavior
close to the origin. As mentioned earlier, ¢y ~ zy for small z and y in the two-
dimensional case. Since vorticity is constant along streamlines, then {2 is a function
of zy:

Qz,y) = G(zy) (7.31)
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where the function G is determined by matching the vorticity function at z = §
and y = € with the far-field solutions (see Fig. 7.1). Since 9¥(z,d) = F”(z) and

Y(e,y) = F"(y), then:
G(ry) = Qn(z,y) = F”(%) (7.32)

and § = e.
For the axisymmetric case, 1) ~ r?y for small r and y; and matching the vorticity

function at ¢ and ¢ yields:

F'(Q) _ F(Q)
¢? ¢

Qn(r,y) = (7.33)

where ( = 7’\/% and § = 2e.

7.5.3 The Total Integral

Since we have estimated the value of the vorticity function in the three regions, the
surface integral in Eqgs. (7.17) and (7.24) can be split into three integrals of known

functions. For the two-dimensional case, we have:

a rb
/ / Qz',y) sin(any) sin(y,2)dy'de’ = I + I + I3 (7.34)
0 Jo
where
a b
Il=/ / F"(2") sin(amy) sin(y,2")dy'dz’ (7.35)
0 Je
Y A Ay xlyl . N / 130
Iz—/ / F"(—=) sin(ay,y’) sin(y,z")dy' dx (7.36)
0 Jo €
a rb
I3=/ / F"(y") sin(amy’) sin(y,x')dy' dx’ (7.37)
€ 0

These integrals can be computed numerically for an arbitrary influx stream function,
F(z). Fortunately, only I, requires a two-dimensional integration, since I; can be
integrated directly with respect to y; and I3, with respect to . Note that the I;
and I3 integrals overlap where z,y > €, but at least one of the vorticity functions is

essentially zero in this region.
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The computation of the surface integral in the axisymmetric case is more time
consuming than the two-dimensional case, since the corresponding I3 integral requires

integration over both r and y:

a rb
/0 / Q' y" )2 Ty (87 sin(oumy)dy'dr’ = I + I, + I (7.38)
0

I = / / (F” G )> Ji ) sin(amy’)dy'dr’ (7.39)

I, = //(F" \/? F’(r\/\/é—)) J1(Anr’) sin(amy”)dy'dr’ (7.40)

I; = / / (F” 2r'y’) F\(/T\/ﬁ’;?)) J1(Anr") sin(amy’)dy'dr’ (7.41)

7.6 Results and Discussion

Section 7.4 presents an analytical solution for a jet impinging on a flat surface
assuming complete knowledge of the vorticity distribution within the entire
impingement region. Although vorticity is constant along streamlines, the final
stream function distribution is not determined by approximating the vorticity. The
far-field /near-field stream function approximations used in the vorticity integrals in
Section 7.5 provide an initial estimate of the flow solution, that is corrected through
the solving process. To maximize the accuracy of the final solution, it is essential
that the initial guess be as close to the final solution as possible. The structure of
the initial guess was justified in Section 7.5, and the matching location, €, is chosen
such that the outflux surface velocity approaches the influx centerline velocity. The
discussion that follows compares published surface pressure data with the present

calculations. The surface pressure is determined from Bernoulli’s equation, i.e.,

) (7.42)
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and
19y
r Oy

) (7.43)

for the two-dimensional and axisymmetric cases, respectively.

P(r)zl—(

7.6.1 Two-dimensional Jet
Fully developed jet impingement

Surface pressure measurements for the impingement of fully developed two-dimensional
jets were made by Schauer and Eusits [74], Kumada and Mabuchi [75], and Beltaos
and Rajaratnam [60] for a variety of jet heights, H, and jet Reynolds numbers.
A comparison between their experimental data and the calculated surface pressure
distribution, normalized with the maximum stagnation pressure, P,,, is shown in
Figure 7.2. All of the experimental data exhibit collapse when distances are scaled
with H. In order to convert to the present convention, it was necessary to determine
the velocity halfwidth, b,, at the prescribed influx location. For a free jet, Beltaos

and Rajaratnam [60] found

S

E“ = 0.10(% + 0.15) (7.44)
where y* is the dimensional distance from the jet nozzle. Furthermore, it was found
that the influx location - taken to be the surface of departure of the jet from free
jet behavior - is consistently located at 0.7H from the nozzle. Therefore, conversion
simply involved dividing distances by the factor % = 0.085, and the collapse remains.

The solid line in Figure 7.2 represents the predicted pressure distribution for a
matching location of € = 1.1. The values of the integration limits, a and b, were
chosen such that any increase in these values had no effect on the solution. Similar

to Rubel’s observations, the values a = 5 and b = 5 placed the boundaries sufficiently

far from the origin. The fully developed two-dimensional free jet velocity profile as
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derived by Gortler [76] was used for the influx profile, i.e.,

—v(z) = (1 — tanh?(cz)) (7.45)

where ¢ = tanh_l(%).

The pressure distribution represented by the dashed line in Figure 7.2 was obtained
using the numerical method of Rubel [71]. In accordance with his suggestions, a
41x41 grid spanning a 5x5 square was utilized for the finite difference calculations.
The maximum deviation between the two methods of calculation was 8% and occurs
at a location of 0.9.

Figure 7.3 exhibits a comparison of the predicted streamlines for an impinging
fully developed two dimensional jet using both methods of calculation. The parallel
outflux boundary condition, which could only be approximated by an outflux stream
function distribution in Rubel’s calculations, is met exactly in the present calculations.

This is evident in Fig. 7.3, especially for the higher valued streamlines.

Developing jet impingement

When a turbulent jet nozzle is located less than about 6 jet widths above the surface
(% < 6), then the jet potential core will impinge upon the surface [77]. Since the jet
velocity profile is no longer self-similar due to the uniform velocity of the potential
core, it would not be surprising if the form of the surface pressure profile deviated from
similarity. Indeed, as will be shown in Section 7.6.2, similarity does break down for
unconfined axisymmetric jet impingement. In contrast, Tu and Wood [67] observed
pressure profile similarity for jet heights as low as % = 1. The strong interaction of
the potential core with the surface was evidenced by peak stagnation pressures equal
to the dynamic pressure at the jet outlet.

The experiments of Tu and Wood [67] include conditions that allow direct

comparison with Rubel’s [71] numerical results. To facilitate comparison of the

present model with that of Rubel, we employ the developing jet velocity profile used
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in the previous calculations,

—o(z) = % [1+erf(1;x>J (7.46)

where o is a spreading parameter. The difference between this velocity profile and
that for the fully developed jet is shown in Fig. 7.4. Figure 7.5 compares the surface
pressure distributions predicted with the two models with the experimental data of
Tu and Wood [67]. Rubel’s calculations show a greater sensitivity to o than does the
present model. This may result from the relatively coarse grid used in the former
calculations, leading to inaccuracies in the description of sharp gradients encountered

in the developing jet.

7.6.2 Axisymmetric Jet

A major difference between treatment of the two-dimensional jet and the axisymmetric
jet is the handling of the parallel outflux boundary condition. It was shown in
Section 7.5.1 that parallel outflux implies an essentially parallel far-field flow for
the two-dimensional case, whereas the far-field streamlines resemble hyperbolas for
the axisymmetric case. The hyperbolic streamlines approach the parallel outflux
condition infinitely far from the origin; therefore, placement of the outflux boundary
at a finite radial location results in a premature parallelization of the outflux streamlines.
This in turn creates a decrease in velocity approaching the boundary. To ensure that
this effect does not infringe upon the region of strong pressure gradient, the outflux
boundary must be farther from the origin than in the two-dimensional case. A radial

location of a = 10 was sufficient for the present calculations.

Fully developed jet impingement

The Schlichting similarity solution [76] for a fully developed axisymmetric free jet is

used to define the influx velocity profile:

1
I+ (Z- 1

—o(r) = (7.47)



140

This similarity solution is applicable to jet impingement for £ > 8 [78]. Surface

ol

pressure measurements for normally impinging axisymmetric jets at these heights were
made by Bradbury [79] (12 < £ < 20), Beltaos and Rajaratnam [61] (20 < £ < 66),
and Giralt, Chia, and Trass [78] (8 < £ < 20). These data are presented in Fig.
7.6 along with the calculated surface pressures using the present method and Rubel’s
numerical method. A matching location of ¢ = 0.5 produces excellent agreement
with the pressure data throughout the entire impingement region. It is encouraging
that the scatter in the axisymmetric pressure data is significantly less than in the

two-dimensional data (Fig. 7.2), since agreement between theory and experiment is

better for the axisymmetric case.

Developing jet impingement

Unlike for the two-dimensional case, similarity of the surface pressure profiles breaks
down when the axisymmetric jet potential core impinges onto the surface (£ < 8) [78].
Furthermore, we expect that the pressure profile should approach that predicted by
the inviscid impinging potential jet model of Strand [68] as the jet height is decreased.
Surface pressure data for impinging developing jets are provided by Giralt, Chia, and
Trass [78], who measured the surface pressures for several jet heights in the range
1.2 < % < 6.0. These data are presented in Fig. 7.7 along with Strand’s solution and
calculations for various potential core radii, 7. Note the good agreement between
the lowest jet height data, Strand’s potential solution, and the calculations for the
widest core radius. The developing jet velocity profiles used for the calculations were
defined such that u = 1 for r < 7. and Eq. (7.47) applied for r > r... They are
presented in Fig. 7.8.

Stagnation bubbles and annular jet impingement

The shock waves produced within the potential core of an underexpanded free jet
cause a decrease in the centerline jet velocity [63]. The velocity profile downstream will
resemble the fully developed profile described in Eq. (7.47) with a velocity deficient

core. The impingement of this type of profile was also investigated numerically by
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Rubel [72], who predicted the conditions at which areas of recirculation would develop
near the stagnation point. Rubel used a family of velocity profiles described by
the location of the maximum velocity, r,,, and the core velocity deficiency, d,, - the
difference between the maximum and centerline velocities. These profiles were defined
such that Eq. (7.47) applied for r > r,,, and the centerline vorticity was non-zero for

dy > 0:

r? 172
—U(T>:1—dw+2dw_72n<1—'2';.—2n:) ; 0<r<rm
—v(r) = (1+cn(r —rm)?) 2 T > T, (7.48)
where ¢, = (l\g;l)z. Using these profiles, Rubel found recirculation regions for f—; >

0.22; but was unable to find solutions for %i— > 0.47. The present method yields
results similar to Rubel for %7”: < 0.47 and solutions are also possible for %‘; > 0.47.
Fig. 7.9 displays a sample comparison of streamlines calculated with the present
method and with Rubel’s method [72] for the case z,, = 0.35 and d,, = 0.16. The
stagnation bubble appears as the area within the dividing streamline corresponding
to ¢ = 0.

Further increase in the core deficiency produces a velocity profile that resembles
the near-nozzle profile of a free annular jet. Fig. 7.10 compares the profile calculated
using Eq. (7.48) (z,, = 0.65,d,, = 0.80) with the free annular jet velocity data of
Sheen, Chen, and Jeng [80] at a downstream distance of about one outer diameter.
In this case, the inner diameter was close to one-half of the outer diameter. Because
of the severe core velocity deficiency (g—: = 1.23), the impingement of such a flow
could not be treated with Rubel’s method. Fig. 7.11 depicts streamlines calculated
with the present method for this case. Since no experimental data was found in
the literature on the size of the recirculating region under an impinging annular
jet, comparison with measurements is not possible. However, some predictions of
the shape of the recirculation region are presented in Fig. 7.12, which depicts the
streamlines corresponding to 1) = 0 for several core velocity deficiencies. A plot of

the locations of the dividing streamline along the jet centerline and the surface (24
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and r4, respectively) against the relative core velocity deficiency, f—:, for r,, = 0.3
and 7, = 0.6 is presented in Fig. 7.13. The critical value of the relative core velocity
deficiency leading to formation of a recirculation region is close to Rubel’s predicted
value of f—: = 0.22. The value of r; could easily be determined experimentally, as it
would be accompanied by a maximum in the surface pressure profile. Experimental
verification of these predictions would require knowledge of the velocity profile at
the top of the impingement region. Reasonable agreement with experiment would
confirm the validity of inviscid models for the impingement region of annular and
underexpanded jet impingement on a flat surface, and would support Rubel’s [72]
suggestion that the inviscid total pressure defect mechanism is responsible for the

observed stagnation bubbles under impinging underexpanded jets.

7.7 Conclusion

A method for calculating the flow field for axisymmetric and two-dimensional inviscid
impingement flow is presented. Exact solutions were derived in terms of the vorticity
function distribution which was approximated by matching far-field and near-field
expressions at prescribed locations, thus yielding a corrected solution. The method
was applied to flow calculations for various two-dimensional and axisymmetric
impinging jet configurations, including annular jet impingement, which has not been
considered in previous inviscid calculations. The accuracy of the present calculations
is sufficient to demonstrate agreement with previous numerical results and, within
the relatively large scatter, with the available data. The accuracy of the present
calculations might be improved by using the final stream function distribution to
interpolate vorticity function values throughout the impingement region and
subsequently recalculating the vorticity integral to obtain a corrected solution. This
increases the computation time, however, and is unnecessary for the present

comparisons.
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Figure 7.1: Approximate view of the flow region for determining vorticity surface
integral.
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Figure 7.2: Comparison of predicted surface pressure distribution with experimental
and numerical results for an impinging two-dimensional jet.
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Figure 7.3: Two-dimensional impinging jet streamlines as calculated using Rubel
method and the present method.
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Figure 7.4: Influx velocity profiles used for calculations.
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