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Abstract

The development of needle-free injection (NFI) delivery systems has become increasingly
important because of the advantages it affords such as increased patient acceptability, en-
hanced occupational safety for health providers, safe disposal, and increased speed of mass
vaccination in the face of pandemic influenza or bioterror emergencies. Jet injection, wherein
drug is propelled at high pressure through a narrow orifice to create a high-speed fluid jet
sufficient to penetrate tissue, is one of several needle-free methods for administration of
drug. Despite promising research and development, few efforts study the fluid dynamics of
NFI and address the role of nozzle design. This thesis presents the development of nozzle
geometries and the optimization of the nozzle shape for NFI applications.

We develop nozzle geometries that produce non-axial jets to expand the range of NFI
delivery modalities. A rigid, compact, multi-piece ampoule is designed and fabricated as
a platform to conveniently house different nozzle inserts one at a time to offer increased
jet consistency and functional flexibility. Two nozzle geometries that respectively produce
radial jets and intersecting jets are designed and fabricated. Through high-speed imaging
and injection into tissue analog and ex vivo porcine tissue, we demonstrate the utility of
these nozzles for a range of injection applications including intradermal, intratympanic, and
traditional uses. The presented ampoule is more successful than a commercial jet injection
ampoule in adhering to desired position and velocity trajectories and the energy efficiencies
of jet ejections are compared.

Using computational fluid dynamics, we explore how the geometric elements of nozzle
shape affect viscous loss and cavitation within the nozzle, the jet’s velocity field at the orifice
exit, and nozzle wall structural integrity. These insights inform the creation of an objective
function and a class of curves used for nozzle shape optimization. A novel nozzle manu-
facturing technique is developed using a combination of micro-drilling and sink electrical
discharge machining to fabricate axisymmetric nozzle orifices. Optically clear planar noz-
zles are developed and fabricated to image and compare the cavitation within the interior
of nozzles of different shapes. The optimized nozzle demonstrates at least a 7% increase
in mechanical efficiency and a decrease in cavitation of two orders of magnitude from a
commercial jet injection nozzle.

Thesis Supervisor: lan W. Hunter
Title: Hatsopoulos Professor of Mechanical Engineering
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Chapter 1

Introduction

1.1 Shortcomings of Needle-based Drug Delivery

The traditional paradigm of drug injection using needles and syringes poses significant
issues to safety and drug delivery efficacy. First and foremost, needles pose serious
hazards to every level of society-the general public, health care worker, and end
user. While trained healthcare workers in hospitals and clinics in the US and Canada
report numbers as low as 0.18 injuries per healthcare worker per year, it is estimated
that in countries such as Egypt and Pakistan, each healthcare worker experiences
4.7 sharps-related injuries each year [8], each costing an average of $400 [9], leading
to over 80,000 contractions of HCV, HBV, or HIV [10]. Despite the low cost of
materials and manufacturing of disposable and resterilizable needles and syringes
($0.06 per injection), when the expenses for iatrogenic infections are factored in, the
total cost increases by more than an order of magnitude [8]. Outside traditional
health care settings, it is estimated that 3 billion needles and syringes in the US
are used and mostly disposed in household trash. Because laws and regulations are
less stringent for household waste than for waste produced in hospitals and clinics,
effectively unregulated residential sharps disposal creates a large public risk [11].
Second, the primitive nature of the needle limits the control over which tissue layer
is targeted, inhibiting the efficacy of some drugs. For example, instead of delivering

to the epidermis or dermis, which hosts much of the body’s antigen-presenting cells
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[12], general needles are designed for delivery to the subcutaneous or muscle tissue
layer. For some vaccines, intradermal deliveries of amounts as small as 10-20% of the
original dose can induce immunoresponses similar to subcutaneous or intramuscular
deliveries of full doses [13]. The needle’s inability to deliver to the skin may obstruct
financial saving and global impact in vaccination.

Along with other issues such as patient compliance, cross-contamination due to
needle reuse, belenophobia, and discomfort [8] the needle’s safety hazards and lim-
itation on drug efficacy make development of alternative drug-delivery paradigms

attractive.

1.2 Needle-Free Drug Delivery Systems

NFT delivery systems are promising due to key advantages such as increased patient
acceptability, enhanced occupational safety for health providers, safe disposal, and
increased speed of mass vaccination in the face of pandemic or bioterror emergencies.
Three of the most common needle-free drug delivery systems are highlighted in Figure

1-1.

epidermis

subcutaneous fat

muscle

Figure 1-1: Three common needle-free drug delivery systems: a) microneedles, b)
epidermal powder ballistics, and c) jet injection.
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Microneedles are small needles that are pressed against the skin to puncture the
tough stratum corneum and deliver drugs to the epidermal and dermal layers of the
skin (Figure 1-1a). They garner interest because of their ability to deliver vaccines
directly to the viable epidermis and because of decreased sensations of pain in patients
due to their short length that limits the fracturing to only the top layers of skin
where few nerves enervate. Recent advances in microneedles include development
of mass-manufacturing methods to decrease cost and increase accessibility to the
public, development of solid needles that dissolve after penetration into tissue, and
the broadening of types of drugs that can be delivered. However, microneedle drug
delivery is limited in its delivery volume and injection sites are limited to within the

skin because of their length.

Epidermal powder ballistic delivery works on the principle of accelerating indi-
vidual powdered particles using a carrier gas traveling beyond the speed of sound
such that each particle has sufficient momentum to penetrate through the stratum
corneum and into the viable epidermal layer (Figure 1-1b). Delivery of powdered vac-
cines instead vaccines reconstituted in liquid could be advantageous because of their
decreased sensitivity to temperature fluctuations and potential to alleviate issues re-
lated to cold-chain storage and transportation. However, this delivery modality is

also limited in its delivery depth.

Jet injection operates on the principle of pressurizing liquid drug in an ampoule
to propel through a narrow orifice a high-speed fluid jet sufficient to penetrate tissue
(Figure 1-1c). This delivery modality is of particular interest because of the jet’s
ability to pierce the skin and deliver drug to range of depths within the tissue, enabling
a targeting of sites that range from the dermal to the muscle layer. Further, current
jet injection technology can delivery drugs of volumes ranging from 10 ulL to more

than 250 uL, a greater volume than most other needle-free delivery paradigms.
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1.3 Needle-Free Jet Injection

Prior Art and Development

Current commercial NFI jet injection devices use a variety of forms of stored energy
for actuation, such as compressed springs, gases, or explosive chemicals. However,
these forms of actuations provide limited command over pressure, no active feedback
control, and thus little control on the resultant location of the delivery site. Recent
work in the NFT research field developed and implemented piezoelectric actuation
[14] to control the pressure versus time profile experienced in the drug ampoule, and
therefore enhance control over the jet’s behavior and consequent delivery depth and
volume. However, because of the limited travel of piezoelectric stacks, the volume of
drug delivered was limited to 20 L.

The MIT Biolnstrumentation Laboratory has developed a highly controllable,
linear Lorentz-force actuator for use in needle-free injection. By controlling the coil
position and therefore pressure profile to resolutions within 1 ms (Figure 1-2a) the
Biolnstrumentation jet injector is able to delivery to a variety of depths, as demon-
strated in ez vivo tissue and live animal models (Figure 1-2b). Further, because of
the extended travel of the actuator, the jet injector is able to deliver drug of volumes
ranging from 10 pL to over 250 uL [1, 15]. Recent work has also advanced active feed-
back control from a traditional PD feedback control architecture to adaptive control

to better dictate the pressure in real-time and adjust for variations caused by tissue

load (Figure 1-3) [2].

Current Limitations

While actuator and controller designs advance, little has been done to research and
innovate on the part of the injector furthest downstream and closest to the tissue:
the ampoule and nozzle.

First, consider the piston performance of the ampoule of the Injex, a well-accepted

needle-free injector in the current industry. Analyzing the piston’s position versus
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Figure 1-2: a) Representative plot of coil position versus time of the linear Lorentz-
force actuator and b) injection depth versus jet speed in different animal models.
Figures taken from [1].
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Figure 1-3: a) Actual (blue and red) versus desired (black) piston trajectories in the
Biolnstrumentation jet injector using a) the traditional PD feedback control and b)
adaptive control. Figures taken from [2].

time trajectory reveals significant deviation between the actual and desired trajecto-
ries (Figure 1-4a). These deviations translate to further decreased control of the bulk
velocity of the jet that issues from the orifice, as demonstrated in the velocity versus
time trajectory (Figure 1-4b). It is conjectured that the rubber tip of the piston
(Figure 1-4c) lowers the compliance, increases the ringing during injection, thereby
decreasing the control over the jet velocity, and consequent volume and depth of

delivery [16].

A second and greater limitation is presented by the injex ampoule. It is expected

that using the same actuator, pressure profile, and control architecture will yield sim-
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Figure 1-4: a) Piston position and b) jet bulk velocity versus time of an Injex ampoule
using feedforward control. ¢) The piston of the Injex ampoule, inset shows the rubber
tip (scale bar = 3 mm).

ilar injection patterns into ez wivo tissue. Using one injex ampoule for a series of
injection indeed yields deep injection patterns that each breach through the dermal
and subcutaneous fat and into the muscle layer (Figure 1-5a). However, changing
to another injex ampoule within the same batch of ampoules vields a set of shallow
injection patterns that breaches through the dermal layer and slightly into the sub-
cutaneous fat (Figure 1-5a). High-speed imaging demonstrates that one of jets that
issue from the nozzles of these two ampoules is fairly collimated in nature, while the
other is entirely dispersed (Figure 1-5b). While Injex nozzles from the same batch are
intended to be the same, micro-CT scanning reveals the interior three-dimensional
geometry of nozzles to be drastically different (Figure 1-5¢). The variability of nozzle
geometry in ampoules due to loose manufacturing tolerances presents an uncontrolled
factor that compromises the consistent, formation of collimated jets all nozzles needed

for research experiments.

To ensure precise and uniform nozzle geometry, some research groups use stainless
steel orifices [16] or ceramic nozzles [17] that are incorporated into custom-made

ampoules. While the geometry of such orifices are manufactured to micron tolerances
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b

Figure 1-5: a) Cross-sections of injections into ez vivo porcine tissue and b) high-
speed images of jets that issue from two Injex nozzles from the same batch (top and
bottom) (figures a-b taken from [3]). ¢) Micro-CT scans of the nozzle interiors at the
orifice exit.

and do not deform over the course of repeated experiments, nozzle geometries are
constrained to produce single axial jets and the nozzle shape is limited to cylinders

and cones.

No prior work has been dedicated to studying fluid flow through the nozzle or the
influence of three-dimensional nozzle geometry on NFT fluid flow. This major gap in
understanding inhibits the advance of NFI technology. It is therefore no surprise that

the design of ampoule and nozzle has remained static over the past decades.

1.4 Basic Calculations and Their Limitations

To lay a basic understanding of fluid flow within the nozzle of the needle-free jet

injector, common calculations are carried out and their limitations are discussed.
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1.4.1 Control Volume Arguments

Figure 1-6 depicts the simple case of a cylindrical NFI syringe, in which a solid
piston of radius R, is pushed at a speed U(t) into a fluid-filled ampoule of the same
radius, forcing the fluid out of a cylindrical nozzle of internal radius R,. To first
approximation, we treat the piston, cylinder, and tube as inflexible, and the fluid

density, with density p, as incompressible.

Figure 1-6: The system and control volume (red dotted line) depicts the simple case
of a cylindrical NFI syringe, in which a solid piston of radius R; is pushed at a speed
U(t) into a fluid-filled ampoule of the same radius, forcing the fluid out of a cylindrical
nozzle of internal radius R».

All points of the control surface are fixed in the chosen reference frame and at-
tached to just inside the walls, except the top surface is just below the piston surface

and moves downward at the piston speed U(t). Using mass conservation theorem,
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d
pdv =2 pdV+/ (G — o) - A dA,
dt Jovw CS ()

dt Jmv)
where MV is the mass volume, CV is the control volume, CS is the surface of the
control volume, v is the velocity of the fluid through the surface, and v, is the velocity

of the surface.

The first term is zero because mass is conserved, the second term non-zero because
the CV’s volume changes as the piston moves down. The outflow term in the surface
integral is the only non-zero term, as there is no inflow into the CV from the top

because the fluid moves at the same speed as the piston. Thus equation 1 yields

d

d
- pdV + — PUrn dA =0,
dt Jov

dt Jeose

where v, = U-7i = vcos(6) is the outward normal velocity component of the fluid
at the velocity relative to the control surface at that point. The first term above is
zero because we have assumed incompressible flow. In the second term, v, = —U(t)
at the top of the CS with area mR2. At the exit plane, the area is mR2 and the velocity

is V(t) on average. We can thus evaluate for V(t):

_ B

= V.

V()

Because we have not assumed anything about the three-dimensional nozzle geom-
etry, the same control volume argument for any other geometry of inlet radius R; and

outlet radius R;. That is, the same U(t), R;, R; yields the same V(t).

There are two limitations to this type of flow analysis that are immediately appar-
ent. First, while using U(t) to describe the velocity at any point of the top surface is
accurate because the piston indeed produces plug flow right at the piston surface, V(t)
and can only be treated as the average velocity of the bulk fluid. However, different
velocity profiles at the orifice exit may yield different injection results. Second, this
model fixes U(t) but provides no information on how much pressure it will require to

push the piston at that velocity.
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1.4.2 Non-Dimensional Parameters

The dominant forces acting in the fluid flow of a jet can be determined by calculating
non-dimensional flow parameters (Table 1.1). A 200 ym diameter liquid water jet
traveling through air 175 m/s is considered as a representative example. Because the
Reynold’s number is well over 1000, inertial forces dominate viscous forces and the
flow is turbulent. A large Weber number, indicates that inertial forces also dominate
surface tension. A large Froude number indicates indicates that inertia dominates
gravitational forces. A small Ohnesorgue number indicates that inertial and surface
tension forces dominate viscous forces. The forces acting upon the jet in order of

descending magnitude are: inertia, surface tension, viscosity, and gravity.

Non-Dimensional Parameter Value
Reynold’s Number 3.93 x 10%
Weber Number 425 x 1074
Froude Number 3.12x 1077
Ohnesorgue Number 5.25 x 1073

Table 1.1: Non-dimensional parameters of a 200 um diameter liquid water jet traveling
through air at 175 m/s.

Empirical and basic analytic expressions relate pressure drop with pipe radius,
length, and friction factor in fully developed pipe flow. While these relations will be
used in Chapters 3 and 4 to provide physical intuition, the radius of nozzle geometries
may change rapidly along the nozzle axis, and pipe flow analysis is limited. Given the
limitations of basic analytical fluid mechanics techniques, much of the study’s design
and optimization of nozzle geometry is informed by Computational Fluid Dynamics

(CFD).

1.5 A General Overview of CFD Simulations

Comsol Multiphysics 5.3 was used to model fluid flow and its associated effects in this
body of work. Simulations brought insight, raised questions, and informed design on
virtually every type of work and thus are interspersed through the chapters of this

thesis. Because there was a range of different types of phenomenon relevant to the
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work, a number of different physics modules were used. While the relevance of each
phenomenon to needle-free injection will be justified or demonstrated through the
thesis, it may be helpful for the orientation of the reader to first lay out an overview
of the simulations. The types of phenomenon simulated, the physics modules used,

and their chapter locations are shown below in Table 1.2.

Type of flow Simulation Chapter

Single phase, turbulent flow (k-epsilon) | 3, 4, 5, 6
Turbulent Two-phase, Phase Field 4
Fluid-structure interaction 5

Table 1.2: Summary of CFD simulations.

For most of the work presented in this thesis, the primary module used was the
Comsol fluid flow module simulating single-phase, turbulent flow. The model is gen-
erally described here; modifications unique to other studies will be described as these

studies come up.

1.5.1 Physical Model

The equations of motion for a single-phase fluid are the continuity equation and the

momentum equation:

§+V-(pu)=0,

and
pg—z +pu-Vu=-Vp+ V- (u(Vu+ (Vu)T) — ;(V ~u)l) + F,
where:
e p is the density (kg/m?)
e u is the velocity vector (m/s)

e p is the pressure (Pa)
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T is the viscous stress (Pa)

F is the volume force vector (N/m?)

C, is the specific heat capacity at constant pressure (J/(kg-K))

T is the absolute temperature (K)

q is the heat flux (W/m?)

Q4 contains the heat sources (W/m3)

S is the strain-rate tensor:

S = %(Vu + (V)T

Because we are implementing the 2D axisymmetric formulations of Navier Stokes
equations, % = 0 and we also assume no swirl flow (u,n; = 0).

We employ the k-¢ turbulence model, one of the most widely accepted turbulence
models in industrial applications [18]. The model introduces two additional transport
equations and two dependent variables: the turbulent kinetic energy, k, and the

turbulent dissipation rate, .

k2
Hr = po,u?a
where C, is a model constant.
The transport equation for k reads:
k
p——+pu-Vk:V-((u+ﬁZVk)+Pk—pe),
ot Ok

where the production term is

2 2
The transport equation for ¢ reads:
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1.5.2 Meshing

The free triangular shape was used to mesh the majority of the geometry (Figure
1-7a). 5 to 8 boundary layer meshing elements were introduced at the nozzle walls,
and meshing elements in the region of sharp transitions such as fillets were limited
in maximum size to 0.5 pym (Figure 1-7b-c). The region of the jet’s travel in the
water reservoir was also refined to a maximum element size of 14 pm. The total
mesh commonly yielded 40,000 to 80,000 total elements and 1000 to 2000 boundary

elements.
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Figure 1-7: Representative meshing of the CFD model. b-c) Fillets were introduced
at sharp corners and mesh elements in these regions were limited in maximum size
to 0.5 pum or less.
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1.6 Chapter Descriptions

Chapter 2 describes the development and fabrication of a rigid ampoule to house
various nozzle inserts and two non-axial nozzle geometries that are developed and
demonstrated to have potential for intradermal and intratympanic membrane injec-

tions.

Chapter 3 is an investigation of the effect of elements of axisymmetric nozzle ge-
ometry on fluid flow. Five different elements of cylindrical geometry are examined
through parametric studies. Streamlines of the flow, velocity profile at the orifice exit,
overall mechanical efficiency of the nozzle, and cavitation pressure regions within the

interior of the nozzle are examined for each parametric study.

Chapter 4 presents the framework of optimization for the nozzle shape. Various
computational tools are developed to provide residuals for optimization and are con-
sidered for the choice of an appropriate optimization function. A set of curves serve
as a basis functions to capture the range of nozzle geometries of interest. Optimized
nozzles are found using objective function composed of the residuals of velocity field,

loss, and cavitation.

Chapter 5 describes the fabrication of axisymmetric nozzles for needle-free injection
and planar nozzles for cavitation imaging. Residuals relating the structural integrity
of manufactured nozzles are developed, yielding two manufacturing-informed opti-

mized geometries.

Chapter 6 presents experimental and computational comparisons between commer-

cially available nozzles and optimized nozzles.

Chapter 7 summarizes the contributions of the thesis and highlights areas of fu-

ture work.
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Chapter 2

Ampoule and Nozzle Development

2.1 Introduction

Current challenges associated with the Injex ampoule such as the poor controllability
of the jet dynamics due to low system compliance and the lack of consistent collimated
jet formation due to manufacturing tolerances of the nozzle geometry are detailed
in Chapter 1 and present opportunities for innovation of the ampoule and nozzle.
However, the opportunity to advance the state of needle-free injection is not limited
to addressing specific limitations associated with the Injex ampoule.

In traditional jet injection, jets that issue from the nozzle travel parallel to the axis
of the jet. While the “axial jet” can be used to deliver drug to a number of injection
sites, there are a number of types of needle-free injections that are challenging to
carry out with an axial jet.

Consider intradermal delivery of drug. Intradermal delivery can be challenging
because the jet must puncture the tough stratum corneum but make sure the jet’s
axial momentum is not too great that it penetrates beyond the 1 to 3 mm thick dermal
layer (Figure 2-1a). In a research context, intradermal delivery of drugs is readily
achieved because the tissue can be cross-sectioned after injection and the pressure
profile of injection can be calibrated accordingly until the jet primarily deposits the
drug bolus within the dermal layer. In a clinical setting however, this calibration

process is not possible. Because the fracture toughness and thickness of the skin varies
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by person, the range of pressure profiles that can successfully achieve intradermal
delivery is tight and varies from person to person, thus rendering intradermal delivery

challenging in the clinic.

a b

epidermis
ear canal

subcutaneous fat

middle ear

subcutaneous fat

Figure 2-1: The axial jet is limited in its ability to perform a) intradermal injec-
tions in clinical settings and b) will likely damage sensitive auditory components in
intratympanic injections.

Another situation of interest is for the jet to puncture a barrier but disperse
immediately afterwards. In intratympanic injection for example, the eardrum acts as
a barrier between the outer ear and the drug delivery site of the middle ear, where
sensitive components such as the auditory ossicles lie. An axial jet would successfully
puncture the eardrum but given its axial momentum would also likely continue to
travel past the eardrum and damage sensitive components within the ear (Figure
2-1b).

The issues detailed in Chapter 1 and above motivate the development of a rigid
ampoule and the design of nozzle geometries that broaden the modalities of jet in-
jection. In this chapter, the development of an ampoule that offers increased jet

consistency and functional flexibility is presented. A rigid, compact, multi-piece am-
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poule has been designed and fabricated as a platform to conveniently house different
nozzle inserts, one at a time. Three different nozzle geometries that respectively
produce a single axial jet, radial jets, and intersecting jets are designed, fabricated,

demonstrated, and compared to a commercial JI ampoule.

2.2 Ampoule Design and Machining

The multi-piece ampoule system (Figure 2-2) consists of four parts: 1) a body in
which the drug is stored, 2) a piston that travels through the entirety of the ampoule
body, 3) a nozzle insert, and 4) a hex head that attaches to the threads of the ampoule
to create the necessary force against the O-ring to create a fluidic seal between the
nozzle insert and ampoule body. The ampoule body, head, and nozzle are composed
of 303 stainless steel, whereas the piston is machined out of W1 tool steel (cross
section shown in 2-2 right inset).

The ampoule body is 40 mm long and has an inner diameter of 3.53 mm with
a volume drug capacity of over 350 pL.. The exterior features of the body are ma-
chined using a CNC lathe, and the body’s cavity is machined via three steps: drilling,
reaming, and three stages of honing (120, 340, and 600 grit). This yields a polished
surface finish to enable the fluidic seal required between the piston and interior of
the ampoule body. The interior of the hex head has inner threads 6.5 mm long that
end with an inner relief of 1 mm—this means that the ampoule can easily host nozzle
inserts of 1 to 5 mm in axial length, and lengths less than 1 mm if a spacer is placed
between the nozzle insert and inner face of the ampoule hex head.

The piston composed of W1 tool steel has two Buna-N O-rings (durometer rating
of T0A) that sit behind the head in grooves—the first O-ring serves as the primary
fluidic seal while the second enables the piston’s alignment to the axis of the ampoule
body. Because the tip of the presented piston is rigid and cannot be deformed as
can some of the commercial piston tips (e.g. Injex) the tip geometry was designed
to match the interior geometry of the nozzle, to avoid introducing a bubble into the

ampoule when drug is drawn into the ampoule. In this presentation (2-2 left inset)
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the piston tip was designed to match the interior of the Injex nozzle.

10mm m=

AR SR S Zata kil = . G R i e A a2

Figure 2-2: The multi-piece ampoule. A picture showing the four parts (left to right):
head, nozzle insert (boxed in red), body, and piston with a close-up of its tip (left
inset). A cross section (right inset) shows the ampoule body seats an O-ring in a
circular groove, a nozzle insert (boxed in red) that is readily exchanged, and a head
that attaches to the threads of the ampoule body and compresses the O-ring to form
the fluidic seal. Figures adopted from [4].

2.3 Nozzle Geometry Function, Design, and Manu-
facturing

Three nozzles are designed and fabricated (Figure 2-3): the standard nozzle, the
radial jets nozzle, and the intersecting jets nozzle. Because of the multi-piece ampoule
design, each of these nozzles of different overall geometries are readily housed in the
multi-piece ampoule without any additional adjustment.

The standard nozzle produces a single jet along the axis of the ampoule providing
a standard of comparison to most commercially available nozzles (including the Injex)
(Figure 2-3a). 0.5 to 1 mm thickness disks of 303 stainless steel were cut using a wire
electrical discharge machine (wire EDM). The surfaces were polished either using a
grinding wheel or finishing passes on the wire EDM. The orifice is created using a 200
pm diameter micro-drill and standard drill press (Servo, Model 1760).

The radial jets nozzle diagrammed in Figure 2-3b is designed specifically for intra-
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C ear canal

middle ear
sub-cutaneous

Figure 2-3: Three nozzles inserts are designed and fabricated to be housed in the
ampoule one at a time: (a) the standard nozzle that produces a single jet along
the axis of the ampoule for traditional NFI injections, (b) the radial jets nozzle for
intradermal injection, and (c) the intersecting jets nozzle for intratympanic injection.
(Blue arrows indicate direction of fluid flow, dotted blue signifies dispersed fluid.)
Figures taken from [4].

dermal injection. Dermal therapeutics that may benefit from intradermal NFI include
vaccine, anesthetic, and dermal filler delivery. Jets for intradermal injections must
fulfill two conditions: 1) cause the drug to breach the dermis but 2) avoid depositing
the bulk of the drug beyond the dermis. Because the human dermis ranges from 2 to
3.5 mm in thickness and the epidermal toughness ranges from location to location,
the range of velocity profiles for traditional axial jets that will achieve both conditions
is both tight and highly variable between site to site and person to person. The radial
jets nozzle is machined out of carbon steel on a CNC lathe. The head is 5 mm in
diameter and has the end of a sphere to match the profile of the skin when indented
by the nozzle. Two orifices are created using a 150 pum diameter micro-drill on op-
posing sides of the nozzle right above the sphere end. When the nozzle is indented
into the skin, the exiting jets are aligned with the plane of the skin. Thus, as long as
the dermis is breached, a jet will generally remain traveling in the dermis regardless
of a lower or higher velocity.

The intersecting jets nozzle is purposed for the general class of NFI applications

where there exist areas beyond a certain distance that will be damaged by a high
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velocity jet or a fixed depth is otherwise a high priority. In intratympanic injections,
for example, an NFI jet must breach the tympanic membrane then suddenly lose the
bulk of its axial momentum to prevent damaging sensitive components that lay just
beyond the membrane in the middle ear, such as the auditory ossicles. The presented
nozzle (Figure 2-3c) offers the potential to actualize tympanic NFI by shooting jets
to breach the tympanic membrane, then intersecting with each other, thereby losing
much of its kinetic energy. Intersecting jets has found application in debridement [17]
but to the authors’ knowledge, no such development exists for NFT application.

The intersecting jets nozzle is machined out of 303 stainless steel on a CNC lathe.
The head is composed of a long and slender column 4 mm in diameter to travel
through the ear canal until the nozzle face rests against the tympanic membrane.
Two orifices 1.73 mm apart at 30 degree angles with respect to the ampoule axis
are created using a 200 um diameter micro-drill, producing two jets that intersect
1.5 mm from the exit. Because micro-drills will slip and eventually break if used to
drill at a significant angle, a shallow 2 mm diameter conical recess is first machined,

yielding an incline that presents a perpendicular surface for angled micro-drilling,.

2.4 Materials and Methods

Jet Injector System

Experimentation was performed using the controllable Lorentz-force actuated jet in-
jection device developed in the MIT Biolnstrumentation Lab. The position control
of the coil is achieved using a compact reconfigurable system consisting of a real-time
controller (cRIO-9004, National Instruments, Austin, TX) embedded in a reconfig-
urable field-programmable gate-array (FPGA) chassis (cRIO-9113) as detailed in [1].

High-Speed Imaging

The ejections of fluid jets into air and injections into acrylamide gel were recorded

by a high-speed CMOS video camera (Vision Research, Phantom V9) fitted with a
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50 mm compact macro lens (Canon Compact Macro-Lens EF) at frame rates of 2000
to 6400 frames per second (fps) with exposure times of 155 to 500 ps. Lighting was

provided by an arrangement of halogen LED lamps.

Injections

For injections into tissue analog, acrylamide gel (gel 10%) was prepared as described in
[19] and injection into gels was visualized using 1:100 dilution of blue tissue marking
dye (Polysciences). After injection, the acrylamide gels were photographed on a
lightbox using a Canon 7D camera with a 100 mm compact macron lens (Canon
Compact Macro-Lens EF). The same velocity profile was used across all acrylamide
injections: jet velocity (vje:) of 100 m/s, time at vje (tje:) of 2 ms, follow through
velocity (vy:) of 50 m/s, with a volume per injection of 50 uL.

Two types of injections were additionally carried out to demonstrate the function
of a radial jets nozzle and intersecting jets nozzle. For the radial jets nozzle, injections
into ez vivo porcine abdominal tissue were carried out. For the intersecting jets nozzle,
injections into ez vivo porcine tissue and tympanic membrane analog were done.

Post-mortem tissue was obtained through the MIT Tissue Harvest Program using
procedures approved by the IUCAC and in accordance with the NIH Guide for the
Use and Care of Laboratory Animals. Tissue was harvested from the abdomen of
Yorkshire pigs (approximately 6 months) immediately after euthanasia and included
skin and underlying subcutis and muscle. The tissue was trimmed, immediately
vacuum sealed, and stored at -80°C. Prior to injection, each sample was thawed at
4°C and equilibrated to room temperature. The radial jets nozzle was placed in
direct contact with the tissue and pressed in such a way that the bottom edge of
the ampoule hex lightly contacts the skin. Porcine tissue samples were injected with
tissue marking dye (as above), using a (vje: of 160 m/s, (t,e: of 2 ms, (v of 50 m/s,
and volume of 50 pL, after which the tissue was frozen, medially sectioned, splayed
injection side up, and photographed using a Canon 1D camera and 100 mm lens.

Tympanic membrane analog injections were set up by fixing a tympanic membrane

analog over a vial of acrylamide gel (10%) in which the surface of the gel was more

45



than 2 mm below the top lip of the vial-the gel represents the sensitive auditory
components beyond the tympanic membrane. A tympanic membrane analog was
composed by fixing silicone rubber onto porous paper, yielding a sheet of 0.13 mm
thickness. The face of the intersecting jets nozzle was placed in direct contact with
the membrane. After injection, the acrylamide gel was photographed in the same

way as described above for acrylamide injections.

Ejection Efficiency

The ejection efficiency is calculated as a ratio of the mechanical kinetic energy of the
exiting jet over the electrical energy input to the coil of the Lorentz-force actuator.
The electrical energy input is calculated by performing a discrete time integration of

the product between the current and voltage profiles,

Ein = Lielectrical — Z P(Z)V(Z)Ata

where P is power, V is voltage, and At is the time step.

To calculate the mechanical kinetic energy of the jet, the inlet velocity is first
calculated by taking the discrete derivative of the position profile of the piston, then
smoothed using a third order Savitzky-Golay filter. The outlet velocity, vouset, is then
calculated using conservation of mass, in which the velocity profile of the jet across

the diameter of the orifice has been approximated as uniform,

Ainlet l'(’l,) - iL’(Z - 1)
Aoutlet At '

Voutlet (1') =

where Ajner and Aoyt are areas of the inlet and outlet, respectively, and x is
the position of the piston. The mechanical energy output is then calculated as the

discrete time integration of the product between dynamic pressure and flow rate,

1

Eout = Ekinetic = Z <§p(i)2)(7rr2voutlet(i))At>

where p is the fluid density and r is the orifice radius.
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In all numerical integrations, At is 10 us. Ten ejection trials were performed using
the same velocity profile ((vje: of 100 m/s, (¢je of 2 ms, (v of 50 m/s, and volume
of 50 pL) to obtain the average efficiency and standard deviation. Nozzle radii were

measured using a scanning electron microscope (SEM, TM3000 Hitachi).

2.5 Results and Discussion

Piston Trajectory

Figure 2-4 compares the performances of the Injex ampoule and multi-piece ampoule
in a side-by-side plot comparison of representative trajectories of exit velocity of the
fluid (Figure 2-4a-b) and piston position (Figure 2-4c-d) over time. In both cases,
there are two instances of significant deviation from the desired exit velocity. The
first is the spike up in velocity at the beginning of the (v, phase and the second is
the spike down in the transition at the end of the (v;e phase. The velocity spikes
due to the rigid piston’s travel in the multi-piece ampoule are significantly smaller
in the case of the multi-piece ampoule—~80% and 65% less than those observed
of the original velocity spikes in the Injex configuration. A significant decrease in
ringing during the (v;e phase of the ejection using the multi-piece ampoule is also
observed. The presented system significantly improves the adherence of the actual

velocity trajectories to the desired trajectories.

Jet Ejections

High speed imaging shows that jets ejected from the standard nozzle, radial jets noz-
zle, and intersecting jets nozzle are well collimated and not dispersed (Figure 2-5a-c).
Unlike the often-observed defects in Injex ampoules introduced by commercial injec-
tion molding [3], the cylindrical orifices produced by micro-drilling do not generally
have significant burrs or internal obstructions to flow and thus the manufacturing of
the presented nozzles consistently yield nozzles that produce collimated jets. In the

ejected jets from the intersecting jets nozzle, significant dispersion and fluid atomiza-
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Figure 2-4: Representative plots of actual (blue) and desired (red) velocity and po-
sition trajectories of the multi-piece ampoule and Injex ampoule during jet ejection
(viet of 160 m/s, tjet of 2 ms, vit of 50 m/s volume of 110 pL). Fluid velocity tra-
jectories of the (a) multi-piece ampoule and (b) Injex ampoule and piston position
(volume) trajectories of the (c¢) multi-piece ampoule and (d) Injex ampoule. Figures
taken from [4].

tion is observed 1.5 mm downstream. Because these nozzle inserts are machined out
of stainless steel or carbon steel, the interior geometry will not deform over time and

is therefore suitable for controlled experiments over many trials.

Standard Nozzle

Injection into acrylamide gel and ez vivo porcine tissue via a jet from a standard nozzle
yields the commonly-observed channel and bolus (Figure 2-6a,c) [20, 21|, similar to
the injection shape caused by a jet from the Injex ampoule using the same injection

parameters (Figure 2-6b,d).
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Figure 2-5: High-speed images of ejected jets of the (a) standard nozzle (6400 fps),
(b) radial jets nozzle (2000 fps), and (c) intersecting jets nozzle (4000 fps). (Scale
bars = 3 mm.) Figures taken from [4].

Radial Jets Nozzle

High speed imaging of injection using a radial jets nozzle into acrylamide gel shows jet
penetration within a couple milliseconds and a fully formed bolus in 10 ms (Figure
2-Ta). It is further observed that much of the injected dye escapes through the top
side of the bolus at the gel surface. This is because the fracture plane occurs close to
the surface of the gel, consequently breaking open the surface, unlike traditional axial
jet gel injections. In the image of the acrylamide after injection (Figure 2-7b) the
two erosion holes curve upwards towards the surface because the acrylamide gel that

is previously indented by the spherical end of the nozzle during injection, is restored
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Figure 2-6: Acrylamide (left) and ez vivo porcine tissue (right) injections of single ax-
ial jets produced by the standard nozzle (top) and the Injex ampoule (bottom).Figures
taken from [4].

upwards to its original flat surface post-injection. Injections into porcine tissue (Fig-
ure 2-7¢) yielded injected boluses that remained within the dermis (injection depths

of 1.1 and 1.3 mm).

Intersecting Jets Nozzle

High speed imaging of injection into acrylamide gel using intersecting jets shows
the formation of a bolus when the jets intersect (Figure 2-8a). The center of the
resultant bolus 2-8b) is shallower than that of single axial jets using the same injection
parameters 2-6a-b). The two erosion holes are not visible after injection because
they are subsumed by the growing fracture plane of the gel during the duration of
the injection. When the same jets pierce the tympanic membrane analog, there is
insufficient energy to puncture the acrylamide 2-8b) unlike an axial jet produced by
an Injex ampoule 2-8c). These results suggest the potential of the intersecting jets

nozzle for intratympanic membrane NFT.
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Figure 2-7: Injections of the radial jets nozzle. (a) High-speed images of an injection
into acrylamide gel, (b) image of the erosion holes and boluses in acrylamide gel
post-injection, and (c) midline cross section of injected ez vivo porcine tissue.Figures
taken from [4].

Ejection Efficiency

The ejection efficiencies of the presented configurations range widely between 3% and
19%, with the intersecting jets nozzle exhibiting the highest efficiency and the radial
nozzle the lowest efficiency 2-9). Because the power amplifier, controlling electronics,
and jet injector are the same, differences in efficiency should primarily come from the
differences of friction between piston and ampoule and fluid flow energy loss in the
nozzle orifices. There is no statistical difference between the injection efficiencies using
an Injex ampoule or that of a standard nozzle housed in a multi-piece ampoule—both
produce single jets of comparable diameter (196 ym and 216 pm, respectively). This
similarity may also suggest that the primary ampoule-specific energy loss is due to
fluid flow losses and not piston-wall frictional losses, which merits further control
studies.

We conjecture that the large difference between efficiencies of the nozzles that
produce single axial jets and efficiencies of the radial jets and intersecting jets nozzle,
are primarily due to head loss in the fluid flow. While the total orifice area of the radial

jets nozzle is larger than the standard nozzle and Injex (42.7 x 10~% m? compared
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Figure 2-8: Injections of the intersecting jets nozzle. (a) High-speed images of an
injection into acrylamide gel, images of acrylamide gels after tympanic membrane
analog injection of (b) the intersecting jets nozzle and (c¢) the Injex ampoule, and (d)
midline cross section of injected ez vivo porcine tissue.|4]

to 3.02 x 107 m? and 0.0366 (mm)?, respectively), the diameter—and therefore
characteristic length of flow—is up to 20% smaller, leading to a significant decrease
in Reynold’s number, thereby increasing its nozzle discharge coefficient. The diameter
of the orifices of the intersecting jets nozzle (202 um) are comparable in size with the
nozzles that produce single axial jets, however two orifices yield a significantly larger
total orifice area (64.1x 10~ m?), thereby decreasing its effective resistance coefficient
and decreasing losses. It is also conjectured that slight misalignment between the axes
of the piston and ampoule lead to varying frictional losses from trial to trial. Future

work will entail improving alignment to decrease variation in ejection efficiency.
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Figure 2-9: Ejection efficiencies of the studied ampoule configurations. Efficiency is
calculated as the ratio between output mechanical kinetic energy of the jet and input
electrical energy into the actuator. Figures taken from [4].

2.6 Summary

An ampoule platform that houses different nozzle inserts has been developed and
demonstrated, enabling a concentration on the design and fabrication of the nozzle
geometry instead of the entire ampoule. The ampoule and piston are rigid and there-
fore increase controllability and the manufacturing process consistently creates noz-
zles that produce collimated jets and do not deform over time. One nozzle is created
to provide comparison with a commercial ampoule, and two other novel geometries
are presented and demonstrated to have potential for intradermal and intratympanic
membrane injections.

While three-dimensional geometry of the orifice plays a large role in jet creation,
the presented work uses orifices of a constant circular cross-section. Subsequent chap-
ters will entail understanding the effect of 3D orifice geometry on the jet’s fluid flow,
tissue injection, and efficiency and manufacturing methods to produce various three-

dimensional nozzle geometries.
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Chapter 3

Elements of Axisymmetric Nozzle

Geometry

3.1 Introduction

Limitations of the Cylindrical Orifice

In Chapter 2, different nozzle geometries were developed by placing the nozzle orifice
in different orientations and locations to increase needle-free injection modalities. In
each different orientation, the nozzle orifice was created by micro-drilling and therefore
the cylindrical orifice was always used as the nozzle shape. However, the cylindrical
orifice may not be the ideal shape for needle-free injection.

First, consider the high-speed imaging of jets that issue from cylindrical orifice,
such as that from the previously presented radial jets nozzle (Figure 3-1a). Recall
that the exit geometry is circular and thus produces well-collimated jets. While
collimated jets that travel at low speeds are relatively straight, dispersion is observed
at high speeds (Figure 3-1b). As opposed to the dispersion of jets associated with the
Injex ampoule where exit geometries were not axisymmetric, this type of dispersion
is axisymmetric and is smaller in magnitude. It is conjectured that this dispersion is
associated with an entirely different phenomenon, cavitation.

While cavitation has not been addressed in the needle-free injection space, it is
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well studied in the research field of fuel injectors (Figure 3-2) [22, 23, 24]. Sou and
colleagues established cavitation as a source of dispersion in the jets that issue from
fuel injector nozzles, and demonstrated the positive relationship between the frac-
tion of the total orifice length the cavitation region extends, L*, and the consequent
dispersion angle of the jet [5]. In cavitation, geometries are developed to enhance
cavitation, as cavitation helps to break up the jet, thus more finely dispersing fuel
particles into the combustion chamber, and increasing the efficiency of combustion in
the engine [23]. In needle-free injection however, the opposite is desirable; the more
collimated a jet is, the greater the penetrating power. This provides motivation to

find optimal geometries to minimize cavitation within the nozzle.

2000 fps, 498 s exposure

Figure 3-1: a) High-speed still of a collimated jet issuing from the radial jets nozzle.
b) A close-up of the jet reveals a straight jet at lower speeds (top) and axisymmetric
dispersion at high speeds (bottom).

Secondly, consider pipe flow, a well known topic of study and is used in higher
education as a teaching model. The geometry of the pipe entrance plays a large role
in the loss coefficient, K, of the pipe, because the entrance geometry dictates how
much flow separation exists at the entrance (Figure 3-3). A large fillet geometry
would enable a smooth transition and therefore little viscous losses, and a small fillet
geometry would force a sharp transition of flow, flow separation, and therefore great
viscous losses. Because the nozzle can be considered a convertor of static to kinetic
energy, it is paramount to find a nozzle geometry to minimize viscous losses and

thereby increase efficiency.
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Figure 3-2: a) Dispersion in jets that issue from fuel injector nozzles is caused by
cavitation within the injector nozzle. b) The farther the cavitation extends down the
orifice, L*, the larger the spray angle of the jet. Figures taken from [5].

NFI Fluid Dynamics and Tissue Mechanics

A number of groups have addressed various aspects of the fluid dynamics and tissue
mechanics in needle-free jet injection [25, 20, 21, 26, 27, 28, 29, 30, 31, 32, 33]. The
literature can be summarized and grouped into four major groups based on its associ-
ated physical location in needle-free injection: the fluid flow within the interior of the
nozzle, the fluid flow at the orifice exit, the tissue fracture, and dispersion through
the bulk of the tissue (Figure 3-4). It is apparent that little work has studied the

fluid flow within the interior of the nozzle.

No current work studies the effect of three dimensional nozzle geometry on in-
jection. Portaro and colleagues did perform a three-dimensional CFD simulation
where the orifice was considered a cylindrical orifice, but this geometry was kept as

a constant |34, 35|.

Secondly, it is common in the NFI experimentation to calculate the measured
velocity of the jet based on the lossless Bernoulli equation [36, 3|, which assumes

no viscous losses in the nozzle. One study of NFT injection of viscous fluids [16]
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Figure 3-3: Pipe losses associated with pipe entrance geometry. Figures taken from

[6]-

does include loss in its full Bernoulli equation, but the loss component is a lumped
parameter that is empirically determined. Simulation work in the NFT literature
currently demonstrates an observable increase in energy dissipation with a decrease
in nozzle diameter [34]. This work analyzed the most simple of geometries, the straight
cylinder (sharp edges, no chamfer), and performed a parametric sweep with only one
varied parameter—nozzle diameter. Because the ultimate goal of NFT is to develop a
handheld injection device, an understanding of the efficiency of all processes is crucial.
The more efficient each process is, the more portable and acceptable to the user the
end product will be. No analysis has been done on the relation between 3D nozzle

geometry and viscous losses to date.
Finally and most notably, cavitation within the nozzle is entirely unaddressed in

the needle-free injection space.
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Figure 3-4: An overview of the key issues of fluid dynamics and tissue mechanics
accounted for in the needle-free injection space.

Thus, before finding the optimal shape for needle-free injection, it is important
to first lay a working understanding of how nozzle geometry affects fluid flow. In
this chapter, five major elements of the cylindrical orifice geometry are identified and

their effects on fluid flow within the nozzle and exiting jet are studied.

3.2 Model Setup

A sample geometry and set of boundary conditions used for finite element analysis
are shown in Figure 3-5a. The nozzle geometry consists of two primary regions:
the cylindrical ampoule and nozzle orifice. The inlet (side a) condition is a uniform
velocity that matches the piston’s travel of 0.562 m/s. Side b is the axis of symmetry
around which the rest of the 2D geometry is revolved to form the 3D geometry of the
nozzle. A no-slip condition is imposed on the ampoule wall (side c), the orifice walls
(sides d), and the outer face of the nozzle (side e). The nozzle ejects water into a
semi-hemisphere reservoir of water, the boundary outlet of which is set at atmospheric
pressure (curve f).

The cylinder will serve as the base geometry to start from, as it is the most
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Figure 3-5: Set up with a) boundary conditions and b) elements of axisymmetric
geometry for parametric study.

basic of nozzle geometries—the simple drilled hole. How flow is shaped from the
ampoule diameter to the orifice diameter is of interest and thus motivates a study
of the entrance geometry. Two elements are chosen, the entrance fillet and angle of
entrance. Because the jet is formed at the exit and is of interest, the exit fillet will
be studied. Additionally, it is currently unclear whether the nozzle should be short
or long, and thus orifice length will be studied. Finally, how the fluid is accelerated

to its final velocity is of interest, and thus the orifice angle will be studied.

In summary, the five elements of base geometry that will be studied are (Figure
3-5b): a) entrance angle, b) orifice angle, ¢) entrance fillet, d) exit fillet, and e) orifice
length. Setting the values of all other elements as constant default values (Table 3.1),
one element of the cylindrical geometry will be parametrically swept to discover how

these elements of the geometry influence fluid flow.
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Element of Geometry Value
Entrance fillet 5 pm
Angle of entrance 0 or 60 degrees
Exit fillet 5 pm
Orifice length 1 mm
Orifice angle 0 degrees

Table 3.1: Default values for cylindrical geometry parametric studies.

3.3 Fluid Flow Analysis

In each of the parametric studies the flow will be analyzed by examining the overall
mechanical efficiency of the nozzle, the cavitation pressure regions in the interior of

the nozzle, and the velocity field at the exit.

Efficiency

The efficiency of a nozzle geometry is of great importance because one of the goals for
NFI development is to be a handheld technology. Because the greater the losses the
higher the power requirements and the larger the actuator and energy storage needs
to be, there is great interest in making the nozzle as efficient as possible. One can
view the nozzle to be an energy converter between static energy and kinetic energy
and calculate the efficiency as such.

The total power, P(z), passing through a surface perpendicular to the nozzle axis
at a point z along the axis can be expressed as the integration of the stagnation

pressure with respect to the flow rate,
R(2)
P(z) = / Patag(z, 7" 0o (2, 7") (277" )dr,
0

where v, is the axial velocity, z is a distance along the nozzle axis, r is the radial

distance from the axis, and R is the wall radius. Pk, is the stagnation pressure,
1 2
Pstag(Z, T') = EPU(Za T) + Pstat(za T’),

where p is the fluid density, v is the total velocity, and Py, is the static pressure.
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Then we define efficiency as the power flowing through the outlet divided by the

power flowing through the inlet:

P(Zoutlct)

FE =
P(Zinlet)

Thus if there are viscous losses in the nozzle, the total power flowing into the inlet

should be less than the total power flowing out of the outlet.

Cavitation

Upon examining the pressure fields of the flows in the interior of the nozzle, it is
apparent that there often exist regions of pressure below atmospheric, particularly
where streamlines bend drastically or expand. When a fluid experiences pressures
below its vapor pressure, the fluid will experience a phase change and bubbles will
form, a phenomenon called cavitation [37]. For example, in the cylindrical nozzle
there exists a small region of very negative pressure starting at the sharp corner and

a lesser negative pressure that occupies much of the orifice (Figure 3-6).

In the similar field of fuel injector nozzle design, cavitation within the nozzle is
advantageous because the produced bubbles help break up the freestream jet, thereby
dispersing the fuel particles for increased efficiency in combustion. Previous experi-
mental work found that for the cylindrical geometry, varying amounts of cavitation
caused jet spray angles that varied from nearly 0 to 15 degrees as measured from the

nozzle axis [5].

In the context of needle-free injection however, cavitation is undesirable. The
creation of bubbles implies of a loss of energy to the creation of liquid-gas interfaces.
Secondly, an increase in jet dispersion leads to a decrease in penetration power and
therefore penetration depth. Because different nozzle geometries create flows of differ-
ent pressure fields, how regions of cavitation regions are changed by nozzle geometries

is of interest.
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Figure 3-6: Pressure field of the orifice of a cylindrical nozzle. A large negative
pressure exists at the sharp corner (z = 1 mm) and and larger downstream region of
lesser negative pressure. The lower limit to the shown pressure is -6 MPa and the
upper limit is 3.169 kPa, the vapor pressure of water at 25 °C.

Streamlines

Streamlines are a useful tool in fluid flow analysis because they reveal how the fluid
will behave in the interior of the geometry. Flow expansion will be of particular note
because of the associated viscous losses and the implied existence of negative pressure
regions. Streamline plots will entail 20 streamlines that begin at points equally spaced

across the inlet and track through the region of flow.

Velocity Field

The velocity field at the orifice exit is of interest because of its potential impact on

jet injection. Velocity field of a jet influences jet break-up distance [38] and different
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velocity profiles at the orifice exit also yield different mechanical powers at the orifice
exit. For example, in laminar flow, poiseuille flow contains double the kinetic energy
as plug flow of the same flow rate. In turbulent flow, the difference between plug flow

and developed flow will be less prominent, but still of interest.

3.4 Entrance Fillet

Sharpness of transition between the ampoule radius and to the nozzle radius was
alluded to in the previous section as a likely explanation for flow separation. Thus,
the entrance fillet garners interest because it can give direct insight on the relation
between flow separation and the geometric transition. For the study on entrance fillet,
all elements of the geometry were kept constant except the entrance fillet, which was

swept from 0.1 pm to 50 pm.

Streamlines

Figure 3-7 shows the regions of streamlines at the orifice entrance of each entrance
fillet. Examination of the streamlines reveals that for fillets of radii 2 ym and less, the
streamlines curve away from the wall at the orifice entrance, indicating a complete
separation of the boundary layer at the entrance. For entrance fillet radii of 5 #m and
more, flow separation is relatively insignificant, or at least unperceivable by inspection

of streamlines.

Velocity Field

There exist two clear groups of axial velocity profiles (Figure 3-8a). The axial velocity
profiles of larger entrance fillets (50 to 5 um), exemplify the expected turbulent flow
profile, with a slight curving upwards as the fillet radius decreases. There is a large
change of curvature between the velocity profiles of fillet radii 5 um and above versus
fillet radii of 2 um and below, when the boundary layer has completely separated

(Figure 3-8). The second group of axial velocity profiles are curved upwards and

64



Figure 3-7: a) Streamlines of flow in geometries where entrance fillet is swept from
0.1 to 50 um. The red box indicates the area of b) magnified streamline plots.

grow in curvature with decreasing fillet radius and increasing flow separation.

There is no significant difference in the curvature of radial velocity profiles, likely
because the geometry at the exit is constant.

The maximum difference between all of axial velocity profiles and between all of

the radial velocity profiles was slightly below 20% of each other.

Efficiency

Figure 3-9 shows the efficiencies of the fillet radius sweep. Flow separation for entrance
fillets of 2 ym and less causes a subsequent flow expansion inducing significant viscous
loss. Decreasing the entrance fillet radius decreases efficiency until a plateau of about
68%. As the fillet radius increases, the flow follows the wall more closely, decreasing
viscous loss, and increasing efficiency until a plateau of 90%. There is a steep increase
of efficiency between the fillet radii of 2 and 5 pm, when the flow no longer separates

at the orifice entrance, thereby significantly decreasing viscous loss.
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Figure 3-9: Mechanical efficiencies of geometries where entrance fillet is swept.

Cavitation

Large regions of negative pressure of similar structure and size exist for flows of
entrance fillets of 2 um and less (Figure 3-10). Because the flow separates from
the wall and then experiences flow expansion, this region experiences large negative
pressures. In geometries where flow separation is negligible, entrance fillets of 5 pm

and more, the cavitation region is greatly decreased.

We make the preliminary conclusion that increasing the entrance fillet prevents
flow separation at the orifice entrance, thereby decreasing viscous loss and the regions
of cavitation pressure. A transition is sharp on the order of 5 um is sufficient to cause
flow separation. While flow separation causes the axial velocity profiles to peak at

higher values, the efficiency is decreased significantly and unlikely to be advantageous.
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Figure 3-10: a) Cavitation pressure regions of geometries where entrance fillet is swept
from 0.1 to 50 pm. The red box indicates the area of b) magnified plots.

3.5 Angle of Entrance

By control volume arguments, one may at first expect that upstream geometry has
little effect on the behavior of flow at the orifice. The transition from the ampoule
radius to the orifice radius was examined by varying the incline of transition. The
angle of entrance (as measured from the plane perpendicular to the nozzle axis) was

swept from 0 degrees to 60 degrees and its effect analyzed.

Streamlines

Figure 3-11 shows the regions of streamlines at the orifice entrance of each entrance
fillet. Examination of the streamlines reveals a slight flow separation at 0 degrees

that decreases as the entrance angle increases.
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Figure 3-11: a) Streamlines of flow in geometries where entrance angle is swept from
0 to 60 degrees. The red box indicates the area of b) magnified streamline plots.

Velocity Field

While almost all of the axial velocity profiles of different angles of entrance are similar
in curvature, the axial velocity profile of the geometry of 0 degrees entrance angle
deviates slightly from the rest (Figure 3-12a). The 0 degrees angle of entrance may
cause a contraction of flow that is sharp enough to induce minor flow separation.
Thus, in parametric studies of other geometric elements where entrance geometry is
not a focus of the study, the entrance angle is set at a non-zero angle (60 degrees) to
avoid inducing flow separation at the orifice entrance.

Radial velocity profiles experience a large increase in velocity near the orifice edge
(Figure 3-12b) because of the fluid flow around the exit fillet. The radial velocities
are an order of magnitude lower than the axial velocities, two orders of magnitude

lower in energy, and thus likely of secondary importance in injection performance.
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There is little difference in both the axial and radial components of the velocity
fields (Figure 3-12¢). The maximum percent difference between all of axial velocity
profiles remains within 5% of each other, similar to the maximum percent difference

between all radial velocity profiles.

Efficiency

The flow in the nozzle loses at least 13% of its initial energy due to viscous loss (Figure
3-13). From 60 degrees to 14 degrees, there is only a 1.5% decrease in efficiency, but
from 14 to 0 degrees there is a 2.4% decrease. This is likely also due to the flow

beginning to separate at the orifice entrance.

Cavitation

Increasing the entrance angle causes a slight decrease of the region of cavitation near
the orifice entrance (Figure 3-14). Because the contraction of flow is more gradual
with increasing entrance angle, less of the boundary layer separates from the wall,
leading to smaller regions of negative pressure.

We make the preliminary conclusion that the sharpness of transition from ampoule
diameter to orifice diameter will dictate whether there is flow separation or whether
the flow remains connected to the nozzle walls as it enters the contraction. If there is
no flow separation however, upstream geometry may have little effect on the velocity

profile, efficiency, and cavitation.

3.6 Exit Fillet

Recall that flows in geometries of non-zero entrance angle or of exit fillets of sufficiently
large radii differed little in velocity field and efficiency. In situations where flow
separation and significant regions of cavitating pressure do not occur, control volume
arguments can be used to argue that geometry significantly upstream from the orifice

exit do not substantially influence the flow at the orifice exit. The geometry near
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Figure 3-12: Velocity profiles of geometries where entrance angle is swept: a) axial
velocity magnitude, b) radial velocity, and 3) maximum % difference between the set
of velocity profiles.
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Figure 3-14: a) Cavitation pressure regions of geometries where entrance angle is
swept from 0 to 60 degrees. The red box indicates the area of b) magnified plots.
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the orifice exit however should always be influential. Exit geometry is examined by
a study on the influence of exit fillet size on the flow. Because flow separation at the
orifice entrance is not of interest, the entrance angle was set at 60 degrees instead
of 0 degrees. All elements of the geometry were kept constant except the exit fillet,

which was swept from 0.1 to 50 pm.

Stfea.mlines

Figure 3-15 shows the streamlines at the orifice exit of each exit fillet. Examination
of the streamlines reveals that starting at exit fillets of radii 2 pm and less, the outer
streamlines begin to curve outwards at the orifice exit, indicating flow expansion. For
entrance fillet radii of 1 um and less, flow expansion is relatively insignificant, or at

least unperceivable by inspection of streamlines.

Bl b

A

Figure 3-15: a) Streamlines of flow in geometries where exit fillet is swept from 0.1
to 50 um. The red box indicates the area of b) magnified streamline plots.
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Velocity Field

The axial velocity profiles become flatter and the profile’s decrease from the velocity
at the center to the orifice wall becomes more gradual as the fillet radius increases.
The general curvature is maintained through the entire sweep.

The radial velocity profiles changes in both magnitude and curvature when exit
fillet radius is changed. For smaller exit fillets, the radial velocity grows slightly
negative further from the axis, then sharply increases to a positive radial velocity
at the nozzle radius. The larger the fillet radii, the less negative the overall radial
velocity, with the profile of the 0.5 um fillet radius with the least radial flow. In exit
fillets of radii greater than 1 um, flow separation occurs before the flow reaches the
nozzle exit (Figure 3-16b), leading to a radial velocity that is positive at radii less
than the nozzle radius and negative at radial distances greater than the nozzle radius.

Different exit fillet geometries do not significantly influence axial velocity profiles
but do greatly influence radial velocity profiles (Figure 3-16c). The maximum differ-
ence in axial velocity profiles remains around less than 10% whereas the maximum
differences in radial velocity profiles is nearly at 1000%. This is primarily because the
near-zero “minimum” velocity profile of the 1 um exit fillet is used as the minimum

to compare with other velocity profiles.

Efficiency

As expected, the efficiency of nozzles decreases as the radius of the exit fillet increases
(Figure 3-17). For exit fillet radii of 0.1 to 1 um where there is no significant flow
expansion, the efficiency only decreases by 0.2%. For fillet radii greater than 1 um,
flow separation occurs and thus from 1 to 50 um, we see a decrease of 3.6% in

mechanical efficiency.

Cavitation

For small exit fillets, regions of cavitation pressure are limited to the region near the

orifice entrance and are dependent on the orifice entrance geometry (Figure 3-18).
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When the exit fillet increases to a point to induce flow expansion at the exit, the
regions of cavitation pressure begins to increase in magnitude and size, starting at

the 2 um exit fillet increasing until the maximum exit fillet geometry of 50 pm radius.

We make the preliminary conclusion that the smaller the exit fillet the higher
axial velocity which should be advantageous. An exit fillet that is sufficiently large
will cause flow separation upstream from the orifice exit. This flow separation does not
significantly affect viscous loss but does significantly increase the regions of cavitation

pressure.

3.7 Orifice Length

Because flow separation at the orifice entrance is not of interest, the entrance angle
was set at 60 degrees instead of 0 degrees. All elements of the geometry were kept

constant except the orifice length, which was swept from 0.0625 to 2 mm.
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Figure 3-18: a) Cavitation pressure regions of geometries where exit fillet is swept
from 0.1 to 50 um. The red box indicates the area of b) magnified plots.

Streamlines

Streamlines within the nozzle interior were lengthened but did not change in curvature
with changing orifice length because neither entrance nor exit fillet geometries changed

(Figure 3-19).

Figure 3-19: Representative image of streamlines at the orifice entrance for the orifice
length sweep.
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Velocity Profile

The axial velocity profiles become more arched and the peak velocity increases as
orifice length is increased (Figure 3-20a). The entrance geometry is kept constant
and thus the change is not due to flow separation. The boundary layers at the walls
of nozzles of greater orifice lengths grow further, causing a flow that is more developed

and yielding a profile that is more curved and peaked.

The radial velocity profiles maintain the same general curvature as the orifice
length is swept. The velocity profile of the 0.0625 mm is slightly different in curvature
because the 5 pm fillet is no longer “small” in comparison to the orifice length and

the flow can no longer be considered pipe flow.

The maximum difference in axial velocity profiles remains decreases from about
15% whereas the maximum differences in radial velocity profiles is nearly at 1000%.
This is primarily because the near-zero “minimum” velocity profile of the 0.0625 mm

orifice length is used as the minimum to compare with other velocity profiles.

Efficiency

The Darcy-Weisbach equation expresses pressure loss due to viscous losses in the pipe

of turbulent flow [6]:

Ap _, p(v)?

L ‘P2 D"
where Ap is the pressure drop, L is the length of the pipe, fp is the Darcy friction
factor, p is the density of the fluid, v is the average velocity of the bulk, and D is the
diameter. According to Darcy-Weisbach, pressure drop along the pipe directly scales
linearly with the length along the pipe. This is linear decrease is generally observed

in the efficiency (Figure 3-21) as well.
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Figure 3-21: Mechanical efficiencies of geometries of different orifice lengths.

Cavitation

Because orifice entrance and exit geometry are not changed, the streamlines of flow
do not change in contraction or expansion. Thus, the regions of cavitation pressure
do not change in magnitude or contour, but do increase in length as the orifice length
increases (Figure 3-22a). The area of greatest negative pressure at the orifice entrance

remains the same across all geometries as the orifice entrance geometry is constant

(Figure 3-22b).

We make the preliminary conclusion that increasing the orifice length increases the
peak of the axial velocity profile and therefore the kinetic energy of the jet. However,
the overall mechanical efficiency of the nozzle decreases with increasing orifice length.
Whether more developed flow is advantageous for needle-free injection is unclear at

this point and will thus be examined in Chapter 3.

80



N 2 -3 -4 -5 -6 [MPa]

Figure 3-22: a) Cavitation pressure regions of geometries where entrance fillet is swept
from 0.1 to 50 um. b) Representative pressure plot at the orifice entrance.

3.8 Orifice Angle

Having established an understanding of how entrance geometries, exit geometries, and
orifice length influence flow, it is now appropriate to examine the effect of the orifice
angle on fluid flow. A change in orifice angle changes all three of the aforementioned
elements of the flow. For the study on orifice angle, the orifice geometry was changed
from the initial cylinder to steeper and steeper conical geometries. All elements of the
geometry were kept constant except the orifice angle (as measured from the nozzle

axis), which was swept from 0 degrees to 60 degrees.

Streamlines

Examination of the streamlines at the orifice exit reveals a subtle but important point
(Figure 3-23). In the cylindrical geometry, there is a slight expansion of flow at the

exit due to flow curving around the exit fillet. Because infinitely sharp corners do
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not exist and the exit fillet will always be something non-zero, an expansion of flow
is inevitable when the walls are straight at the exit. However, the streamlines of
non-zero orifice angle continue to travel towards the axis implying the flow does not
expand but contracts just beyond the exit. The implications of this difference are

explained in the following sections.

Figure 3-23: a) Streamlines of flow in geometries where orifice angle is swept from 0
to 60 degrees. The red box indicates the area of b) magnified streamline plots.

Velocity Field

The curvature of the axial velocity profiles of geometries with non-zero orifice angle
differ significantly from that of the standard cylindrical orifice (zero degrees) (Figure
3-24a). In geometries with non-zero orifice angles, the axial velocity of non-zero orifice
angles increase as radius increases, instead of a steady decrease from a maximum at
the center. The greater the orifice angle, the flatter and more spread out the axial
velocity profile.

Similarly, the curvature of radial velocity profiles of non-zero orifice angles also

differ significantly from that of the standard cylindrical orifice (Figure 3-24b). Because
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flow is directed along the angled orifice walls, flow is directed towards the axis at the
exit, resulting in a radial profile that is primarily negative. In the radial velocity
profile of the 14 degree orifice angle, we can see most clearly the interplay between
the effects of the orifice angle and the 5 yum fillet: the flow is first radially negative
then spikes up near the end. As the the orifice angle increases, the velocity profile
becomes more negative and the positive spike due to the exit fillet is less prominent.

There are significant differences in both the axial and radial components of the
velocity fields (Figure 3-24c). Because increasing the orifice angle slightly widened the
effective radius of the orifice exit, we ignore the % difference beyond about 100 pm.
The maximum % difference between all of axial velocity profiles remains at about
30% of each other, whereas the maximum % difference between all radial velocity

profiles remains at about 100%.

Efficiency

The efficiencies of non-zero orifice angled geometries are significantly higher than that -
of the cylindrical geometry (Figure 3-25). From 60 degrees to 14 degrees, there is only
a 0.8% decrease in efficiency, but from 14 to 0 degrees there is a 14.4% decrease. There
are three factors responsible in increasing the efficiency. First, the flow in geometries
with non-zero orifice angles do not separate from the wall at the entrance transition.
Second, the greater the orifice angle, the greater the angle of effective diameter of the
orifice. Because pressure drop in pipes scales inversely with the diameter, the greater
the angle the greater the effective diameter of the orifice, the lower the pressure drop
across the length of the nozzle, and the higher the efficiency. Thirdly, the flow does

not expand at the exit and therefore decreases viscous losses.

Cavitation

Because the flow does not expand in any part of the interior of nozzle in geometries of
non-zero orifice angle, regions of cavitation pressure are drastically decreased (Figure

3-26).
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Figure 3-24: Velocity profiles of geometries where orifice angle is swept: a) axial
velocity magnitude, b) radial velocity, and 3) maximum % difference between the set
of velocity profiles.
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Figure 3-26: a) Cavitation pressure regions of geometries where orifice angle is swept
from 0 to 60 degrees. The red box indicates the area of b) magnified plots.
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This is the only set of geometries where radial velocity profiles of primarily negative
values exist. If the primary goal of the nozzle is to convert static pressure to axial
momentum, large orifice angles are not advantageous because of their smaller axial
velocity profiles. A non-zero orifice angle is still advantageous however; because of
the inward radial momentum at the exit, the jet does not expand at the exit. Because
non-zero orifice angle eliminate flow expansion, the area of cavitation pressure near
the orifice exit is drastically decreased and efficiency is increased because of decreased
viscous loss.

Therefore, we make the preliminary conclusion that the optimal angle at the orifice
exit is likely the smallest orifice angle such that flow contracts at the exit, given the

size of the given exit fillet.

3.9 Summary

The simple cylindrical orifice served as the base case upon which five geometric
changes were made: entrance angle, orifice angle, entrance fillet, exit fillet, and ori-
fice length. These five elements of the geometry were parametrically swept and their
influence on fluid flow were analyzed, namely: mechanical efficiency of the nozzle,
cavitation pressure regions, streamlines, and velocity fields at the orifice exit.

The velocity profile of a nozzle at the exit was not greatly affected by changes in
entrance angles, but were by changes in orifice angle due to directing the flow itself,
changes in entrance fillet because of flow separation, and changes in exit fillet, and
changes in orifice length because of how close the flow was to being fully developed.

The nozzle efficiency was not greatly influenced by changes in entrance angle or
orifice angle, but was influenced by the entrance fillet and the exit fillet due to flow
separation and the orifice length due to the increased losses of the viscous boundary
layer.

The amount of cavitation was not greatly influenced by changes in orifice angle
or orifice length, moderately influenced by entrance angle and significantly by the

entrance fillet and exit fillet because these changes greatly changed the pressure field
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and direction of the streamlines.

From these five parametric studies, four summary insights for the nozzle geometry
design are drawn: A transition from ampoule diameter to the orifice diameter that is
too sharp (<5 um) causes flow separation at the orifice entrance, necessitating flow
expansion in the interior of the nozzle, and thereby inducing increased viscous loss
and largened regions of cavitation. Decreasing the size of the exit fillet decreases
the opportunity for flow separation just upstream of the orifice exit, significantly
decreasing the region of cavitation pressure near the orifice exit. The shorter the
orifice length, the less energy loss to the viscous boundary layer, but also the flatter
the velocity profile. A non-zero orifice angle prevents flow expansion at the exit,
decreasing viscous loss and the region of cavitation pressure near the orifice exit,
but increasing orifice angle also increases the radial velocity and decreases the axial
velocity at the exit.

These insights will guide principles in nozzle shape optimization in the next chap-

ter.
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Chapter 4

Nozzle Shape Optimization

4.1 Introduction

In Chapter 3, the relationships between nozzle geometry and different aspects of fluid
flow was established. These insights will inform the optimization of the nozzle shape
for needle-free injection.

Shape optimization for fluids is a field of active research that lies at the intersection
of fluid dynamics and computational and applied mathematics [39]. For the sake of
this work, shape optimization can be classified into three general areas (Figure 4-1):
1) an objective function that encapsulates the criteria of what to optimize for, 2) a
class of shapes that capture the elements and constraints of geometry that influence
the objective function, and 3) a choice of an optimization method that is cost-effective

and yields a solution of sufficient specificity.

4.2 Objective Function

The nozzle can be considered as the creator of the jet to carry out tissue injection
and a converter of energy. To find the optimal shape of the nozzle therefore, it is
necessary to lay a framework of metrics to capture these different aspects.

The first metric to take into account is a jet’s ability to penetrate tissue of a given

nozzle shape. However, penetration power is difficult to simulate or quantify. Velocity
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Figure 4-1: Three general areas of shape optimization - objective function, geometry
space, and optimization method.

field and cavitation are possible metrics for use in the objective function. Previous
work in the needle-free injection space generally took into account the velocity aver-
aged across the entire surface area of the nozzle orifice, otherwise known as the “bulk
velocity”. However, it is possible that jets of different velocity profiles across the ori-
fice diameter could differ in ability to penetrate tissue. Secondly, because cavitation
increases the dispersion of a jet and therefore decreases the penetration power of the
jet, cavitation is also a promising metric for jet penetration.

The cost of a jet of a given nozzle shape is the second overarching metric. Because
jet injectors are developed for hand-held, portable use, the less energy it requires to

produce a jet, the more miniaturized the device can be.

4.2.1 Fully Developed Flow

Penetration Ability of Developing Flow

We hypothesize that given the same overall flow rate, a flow that is more fully de-
veloped has higher penetration power than plug flow. While it is straightforward to
analyze the velocity field at the orifice exit through CFD simulations, the study of

the effect of velocity field on tissue injection is challenging because fracture models
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are not readily available in FEA simulations. As such, we need to look at simplified
models of tissue fracture. We seek to gain insights on the effect of velocity field on
tissue injection using two simplified models: 1) the stress field induced in tissue using
a first-order model of stress-strain and 2) the travel of a jet of fluid through a more
viscous fluid. To isolate the issues of length, developing flow, and energy from other
issues such as cavitation or viscous losses due to the contraction of flow, we simplify

the nozzle geometry to the pipe geometry.

Stress-field in Tissue

Finite element modeling packages are currently limited in their ability to model frac-
ture mechanics of non-linear anisotropic material such as tissue. Instead of modeling
fracture, we thus examine the stress field that a jet may cause in tissue before frac-
ture. COMSOL Multiphysics 5.3 was utilized to generated a first-order model of
the stress-field induced in the tissue as the jet contacts the surface of the tissue for
velocity fields of the two limiting cases for pipe flow: plug flow and Poiseuille flow.

For a first-order model, we assume that the jet does not travel appreciably from
the orifice to the surface of the tissue and therefore the velocity field of the jet right at
the orifice is the same as the velocity field of the jet right before impacting the tissue.
We also make the approximation that all of the kinetic energy stored in the axial
momentum of the jet is converted to static energy (Figure 4-2). Thus, the lossless
Bernoulli’s equation:

1 1
Pon'fice + E,Ovorifice (T)Z + pghom’fice = Pt‘issue(r) + §pvtissue (T)z + pghtissuea

can be simplified to the approximation of
PUorifice (7')2 ~ Ptissue (r>a

where P is pressure, p is density of the fluid, v is radius-dependent velocity field of the

jet, g is acceleration of gravity, h is the distance between orifice and tissue surface,
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and Pisee(r) is a force per unit surface area.
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Figure 4-2: The force exerted onto tissue using jets of two types of flow of the same
flow rate are compared: plug flow (left) and Poiseuille flow (right). For a first-order
model, the approximation is made that all of a jet’s kinetic energy is converted into
static energy upon impinging the tissue surface. Thus the velocity profile (top row)
is used to derive the axial force per unit surface area exerted on the tissue surface
(bottom row).

A velocity profile of a uniform axial velocity of 150 m/s is used to simulate the
velocity profile of plug flow (Figure 4-2a) and the parabolic profile is used to simulate
the velocity profile of Poiseuille flow of the same flow rate (Figure 4-2b). These veloc-
ity profiles were used to calculate to first-order the axial force per unit surface exerted
by jets of both flows (Figure 4-2c-d). Skin and subcutaneous fat were modeled in this
simulation. The density, Young’s modulus, and shear modulus [40] were assigned to a
1 mm thick layer of skin and 10 mm layer of subcutaneous fat (Figure 4-3). The axial

force per unit surface area, Pyssue(r), can then be used as a load on the boundary
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of the tissue surface, denoted as side a. Side b is the centerline, around which the
axisymmetric geometry is revolved. Side c is set to be fixed and immobile and side d

is an arbitrary boundary, free to move.

skin

subcutaneous fat

centerline @
@

! ©

Figure 4-3: The geometry and boundary conditions used to simulate the stress field
caused by a jet impinging on the surface of skin. An axisymmetric geometry with
side b as the centerline was used.

The first principal stress fields were plotted (Figure 4-4) with the stress at maxi-
mum range set at the yield stress of skin, 20 MPa [26]. While the radius of the area
of stress induced by a jet of plug flow (Figure 4-4a) is about the same as that induced
by a Poiseuille flow jet of the same flow rate (Figure4-4b), the depth is smaller. The
red, dotted line indicates a depth of 100 pm, the average thickness of the toughest
and first layer of the skin, the epidermis.

This observation suggests that the increased penetration power of a fully devel-
oped jet could be significant given the structure of the tissue. However, because the
velocity profile of turbulent flow is flatter (less peaked) than that of Poiseuille flow,
we expect the difference in stress fields caused by plug flow and fully developed to
be less pronounced when considering turbulence. Overall, this study demonstrates

the simple but important point of the greater penetration power of a more fully de-
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Figure 4-4: First principal stress fields induced in tissue by a) a jet of plug flow at 150
m/s and b) a jet of Poiseuille flow of the same flow rate (color bar represents stress
in Pascals).

veloped flow. Because this first-order model greatly reduces the complexity of the
fracture model of tissue, other methods of understanding the effect of developing flow

on penetration were sought out.

Ejection into Viscous Fluid

Tissue is a visco-elastic material, so ejection into another more viscous fluid may also
help us understand the effect of developing flow on penetration power. The model

setup is shown in Figure 4-5.

e Geometry: Pipe geometry, length of orifice swept from 0.2 to 5 mm.
e Semi-spherical outlet.
e Boundaries:

— inlet (side a) was ramped velocity: 0 to 152 m/s in 1 us 4-6.
— centerline of axisymmetric geometry is side b

— no-slip was set at the walls (side ¢ and d)

outlet (side e) was set to atmospheric pressure (gauge).
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— initial interface between water and glycerol is right at the orifice exit (seg-

ment f)
e Two phase flow: water and viscous fluid (glycerol)
e Time transient study: 0 to 25 us

e Examined depth of ejection by measuring maximum water travel (z-direction)

at 25 us (Figure 4-7.

[® ~

L
w
a
t I© orifice length
F S
z |1
/I @ |
| == N

glycerol

centerline @

Figure 4-5: The geometry and boundary conditions used to simulate a water jet
ejected into a a glycerol reservoir. An axisymmetric geometry with side b as the
centerline was used.

The relationship between injection depth versus orifice length of these demonstrate
there is a slight increase with more fully developed flow (Figure 4-8).
The simulations of these two simplified analogs of jet injection demonstrate that

increasing the development of the flow within a nozzle increases the jet’s ability to
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Figure 4-6: Inlet boundary condition was set to a velocity field uniform over the inlet
radius (plug flow) that varied over time. The velocity time profile has a high velocity

phase v, designed to breach the tissue followed by a lower velocity phase v oo
designed to deliver the bulk of the drug [1].

penetrate tissue. However, given that these two studies seem to indicate that this
increase may not be significant and we will explore the energy cost of developing flow

in the next section.

Velocity Profile Residual

While we have not yet made a conclusion whether fully developed flow is overall
advantageous in injection, it may be useful to define a metric to evaluate velocity
profiles for use as a residual in optimization. If we have a desired velocity profile, we
can quantify how similar a flow is to the desired velocity profile by calculating the
flow rate of the deviation of the velocity profile and normalizing by the total flow rate.
That is, given a desired velocity profile, Viesirea(r), and the velocity profile V,.uq(7),

we first define the deviation velocity profile, V*(r) as the L2 norm of the two velocity
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Figure 4-7: Simulation of an ejection of a jet of water into glycerol. Regions of red
are occupied by water and regions of green are occupied by glycerol, a) where the
black box indicates the window of zoom for the b) time-lapse snapshots from 0 to 25
us. Depth of ejection, d, is defined as the maximum distance in the axial direction
the boundary of the water travels within 25 us.

profiles (Figure 4-9),

V*(r) = V| Vaesired(r)? = Vactuar (1)?].
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Figure 4-8: Depth of jet ejection into glycerol versus length of orifice. The depth
of injection only slightly increases with greater orifice length and greater more fully
developed flow.

Then flow rate associated with the deviation velocity profile, Q* is
R
= ] V*(r)2(2nr)dr,
0

and we can define a residual, Resy p, as the deviation normalized with the total low

rate, Qror:
Q*

TOoT

RESVP =

Energy Cost of Developing Flow

Because one of the primary aspects of needle-free technology development is for a
portable device, it is important to also analyze velocity field from the perspective of
energy.

To study the issues of length, developing flow, and energy we need to isolate these
relevant issues from other issues such as cavitation due to adverse pressure gradients

or viscous losses due to contraction of flow. Thus, we examine the simple case of
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Figure 4-9: a) Given a desired (green) and actual (blue) velocity profile, we can define
V*(r) as the L2 norm of the two velocity profiles.

turbulent flow in a pipe of 200 um diameter. This pipe would represent the most
narrow part of the nozzle geometry, such as the orifice of the cylindrical geometry,
where the effects of the boundary layer are most pronounced. Plug flow (uniform
velocity across the radial dimension) of a particular velocity is set at the inlet and
atmospheric pressure is set at the outlet.

In the first parametric study, the cost associated with fully developed flow is
examined. The inlet is set at a uniform velocity of 200 m/s and the pipe length is
swept from 0.25 to 10 mm. The inlet power is linearly related with pipe length (Figure
4-10a). This relation is consistent with the Darcy-Weisbach equation (Chapter 3).

As the flow becomes more developed, the velocity profile curves and increases in
magnitude near the center (Figure 4-10c). There is no significant change in velocity
profile at the outlet when the pipe length exceeds the distance required for the flow

to develop in a pipe. This distance is also known as the entrance length, L;, and for

turbulent flow is expressed as [41]:

Lh.turbutent = 4-4D(Re)1/6:

where D is the diameter of the pipe, and Re is the Reynolds number.

Because the velocity profile does not significantly change at the outlet with fur-
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ther increases of pipe length, the outlet power should be constant at pipe lengths
greater than the entrance length. Given the given parameters, the entrance length is
calculated to be about 5 mm, after which the outlet power indeed does not further

increase (Figure 4-10a).

The efficiency of flow starts near 100% for pipes of lengths much smaller than the
entrance length, decreases to T70% at pipe lengths for which the flow is just fully
developed at the outlet, and continues to decrease as flows in pipes of greater length
require greater input power but output a flow of unchanging power (Figure 4-10b).
When comparing turbulent plug flow and fully developed turbulent flow, there is a
large increase in required inlet power but only a small increase in output power. This
energy analysis challenges the notion of whether fully developed flow is advantageous

in a portable NFI injector.

A second study is carried out to investigate the energy of partially developed
flow. In this parametric study, the pipe length is fixed at constant 1 mm, and the
uniform inlet velocity is swept from 150 to 240 m/s. A pipe length of 1 mm will yield
flow that is partially developed. When the inlet velocity is increased, both inlet and
outlet power increases at an increasing rate yielding an upward curve (Figure 4-11a).
Because pressure drop scales with the square of velocity and energy, the square of
the velocity and pressure at the inlet increases at the same rate as the square of the
velocity of the inlet, yield a constant efficiency across the range of inlet velocities
(Figure 4-11b)). In this case, because the length is constant, the shape of the velocity
profile does not change, instead increasing velocities effectually scales the velocity

profile by a larger constant (Figure 4-11c¢).

A flow of 200 m/s at the inlet in a 5 mm length pipe (a length such that the flow
is just fully developed at the outlet), peaks at about 235 m/s, requires 199 W at the
inlet, and yields 132 W at the outlet. We observe that a flow of 230 m/s at the inlet
in a pipe of 1 mm length peaks at about 246 m/s, requires 197 W at the inlet, and
yields 219 W at the outlet. We now make the point that for similar input energy,
flows more similar to plug flow yield similar peak velocities in its velocity profile

and significantly increased output power when compared to that of fully developed
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flow. This comparison should be general across all inlet velocities as long as the
flow is turbulent and only the loss considered is the viscous loss due to the growing
boundary layer at the orifice walls. Because the efficiency of a flow in a pipe of a
chosen length is preserved across different inlet velocities of the relevant ranges, there
should always exist a number of partially developed flow that is more advantageous
than fully developed.

It should also be noted that once the constraint of the nozzle wall is removed,
velocity profile relaxation occurs within the jet. The tendency for the velocity profile
to relax by a mechanism of momentum transfer between circumferential layers of the
jet significantly decreases the stability of the traveling jet [38]. Earlier work has shown
that the break-up length of glycerol jets traveling through water decrease as the flow
at the orifice exit is more fully developed [42].

We conclude that fully developed flow is less advantageous than partially devel-
oped flow and plug flow. The degree to which flow is developed is positively correlated
with energy lost to viscous losses, and thus a nozzle of less developed flow is also a
nozzle of lower loss.

It is possible of course, to still include the velocity profile residual in the objective
function and simply dictate plug flow as the target velocity. However, the efficiency
residual already prioritizes plug flow because a priority on decreasing viscous losses
in the nozzle would translate to decreasing the orifice length (decreasing the length
of the boundary layer along the pipe walls) and thus favoring less developed flow.
Therefore, to avoid double-counting, in the new version of the objective function

(starting with Z5), efficiency but not velocity field was included.

4.2.2 Cayvitation

In Chapter 3, the effect of geometric elements on regions of cavitation pressure in
the interior of nozzles was examined. We now set out to study the behavior of a
cavitating bubble along a given streamline in the flow of the nozzle with the goal of
developing a quantitative metric for use as a residual in the objective function.

The Rayleigh-Plesset is a 2nd order ordinary differential equation that describes
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how a bubble will grow or shrink in a changing pressure field,

p[RR - -;—1?2] = [pv(t) - poo(t)] - % — 4#%

where p is the density of the surrounding liquid, R is the radius of the bubble,
Dy is the time-dependent vapor pressure of the surrounding liquid, p;ns¢y is the time-
dependent pressure of the surrounding liquid, S is the surface tension of the gas-liquid
interface, and mu is the viscosity of the liquid.

To make a first-order estimate, we make a few simplifying assumptions. First, we
assume that the temperature does not change significantly from room temperature
and therefore the vapor pressure is relatively constant. Of primary interest then are
regions of flow where the pressures dip below the vapor pressure of water at room
temperature (25 °C): 3169 Pa. Second, we make the approximation that the bubbles
will not affect the overall low and will follow the flow. Then we can analyze the
pressure along a streamline and analyze how a bubble seed will behave as it travels
along that streamline (Figure 4-12a). Third, we will assume that a seed bubble of
radius 1 um is placed at the beginning of the streamline is is common in tap water at
room temperature [37]. Finally, we will assume that the cavitating bubbles are fairly
sizable compared to the nozzle radius, greater than 1% of the nozzle radius, that is,
larger than 1 micron. If so, then the dominant force on the bubble is the pressure it
experiences and we will ignore the surface tension and viscosity terms on the right

hand side to yield the simplified expression:
p[RE+ 1] = [p,(t) — polt)]
2 v oo

We can thus track the pressure versus distance along a streamline 4-12b), integrate
the velocity along that streamline to find the pressure as a function of time instead
of distance, solve the simplified Rayleigh-Plesset equation to find the radius of the
bubble as a function of time, then use our known time to distance mapping to find a
first-order estimate of the radius of the bubble as a function of the distance it travels

along the streamline 4-12c). By plotting the cavitation along 50 streamlines that
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span the radius the nozzle, one can estimate where the cavitation will occur in entire

region of flow 4-12d).

o

Pressure (MPa)

2 1 2 3 P s s 7 8
Distance along streamline (mm)
c 12 — - - . - d

5 pm

2.5 pm

R(t) (um)

s 0 um

0 1 2 3 4 5 6 T 8
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Figure 4-12: By tracking a seed bubble down many streamlines that span across
the nozzle, one can estimate the amount of cavitation a nozzle will produce and the
regions where cavitation will occur. a) A sample streamline of the flow in a cylindrical
nozzle. b) The pressure along the sample streamline a fluid particle or bubble will
experience. c¢) A first-order estimate of the radius of the bubble as it travels along the
streamline. d) By plotting 50 streamlines spanning the entire nozzle, one can predict
where the cavitation will occur in the region of flow. The flow region is represented
by a grayscale plot, where white is assigned to no bubble and fully black is assigned
to a bubble of 5 um radius.

One limitation to this approach is readily apparent. First, the pressure of the
majority of the ampoule is on the order of millions of Pascals, sufficiently high such
that the model predicts a seed bubble of 1 um radius will soon collapse after little

travel down the streamline 4-12b). Because the Rayleigh-Plesset equation predicts
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that a bubble of an initial radius near 0 um will remain near zero, the model fails
to take into account the beginning growth of the bubble when the fluid first passes
through the cavitation region. As an approximation, we use the last (and smallest)
radius of the bubble right before collapse as the radius of the bubble seed that enters
into the cavitation region. While the seed radius is well below 1 um where surface
tension and viscosity should compete with pressure, we continue to ignore these terms
because the majority of the duration of the bubble’s growth and collapse is spent

above 1 pm.

Examination of streamlines in cases of flow separation reveal a second limitation
to this approach of simulating cavitation. Because this approach relies on calculating
bubbles along the streamlines that begin at the inlet, there exist some geometries
for which this streamline approach to simulating cavitation will be less accurate. In
the cylindrical geometry for example, a decreased fillet radius at the entrance to the
cylindrical orifice yields a larger region of pressure below vapor pressure cavitation
but also a greater region of flow separation, as seen by the streamlines bend away from
the sharp corner. Because streamlines that begin at the inlet do not pass through the
regions of flow separation, predicting cavitation regions and calculating the amount
of cavitation will be less accurate in these cases. In cavitation analysis by streamlines,
the streamlines must therefore first be visually inspected to see if there are regions of
flow separation. In the example of the cylindrical geometry, the streamline approach
to calculating cavitation is most accurate for the geometries with fillet radii of 5 um

and above, for which there is little flow separation.

Taking these two limitations into account, the streamline approach to calculating

cavitation may be a useful tool for many nozzle geometries of interest.

One possible residual could be based on capturing the loss of energy due to the
creation of bubbles. We can define a cavitation residual to capture the volume of

bubbles within the region of flow as:

Si,end
Resan =3 [ Rs)r(sids,
i Si,start
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where i is the index of the streamline (in our cases i = 1 to 50), s is the streamline
distance, R is the radius of the cavitation bubble, and r is the radial distance of the

point s from the axis.

Cavitation within the NFI nozzle may also influence the dispersion angle. In the
field of fuel injector design, the dispersion angle of jets issuing from 2D planar nozzles
ranged from 0 to 14 degrees, greatly enhancing the break-up of the jet, depending on
whether the cavitation within the nozzle reached the orifice exit. Thus, we define a

cavitation residual to capture the flow rate of bubbles that leave the orifice exit:

R
Rescan2 = / R(’I", Soutlet)3r(soutlet)v(T,)drla
0

where v is the total velocity at point r in the orifice.

We will choose the first residual for optimization. A cavitation residual that more

accurately captures the criteria of NFI should be informed by experiments.

4.2.3 Efficiency

In both versions of the objective function, we will choose to include efficiency in the
objective function. Calculating efficiency takes into account both the viscous loss due
to the boundary layer along the nozzle wall and any potential viscous loss due to flow
separation. Because we seek a residual to minimize and we thus define a residual to

encompass energy loss, Resy:

P ( Zoutlet )

Res;=1—FE=1- ,
L P(zintet)

where E is efficiency, P(zinet) and P(zouset) is the mechanical power that flows
through the inlet and outlet, respectively, and have been defined in Chapter 3. Be-
cause the loss residual is already normalized to one, it is well-behaved and can be

readily used in conjunction with other residuals to form an overall objective function.

107



4.3 Geometry

A profile that is revolved around the axis to form the nozzle geometry can be split
into two general categories: shape and its length. By shape, we mean an outline
that is length-independent. We define length-independent as the following: two given
shapes are length-independent from each other, if there is no way one shape can be
linearly stretched to yield the other. (An ellipse and a circle for example would not

be considered length-independent.)

4.3.1 General Basis Functions

We first seek a basis of functions that is able to form the entire range of nozzle shapes
we are interested in. Chebyshev functions garner interest because of their frequent
application in curve-fitting. Two such polynomials, normal Chebyshev polynomials

of the 1st kind and rational Chebyshev polynomials are defined as follows:
Tg(ﬂ?) =1

Ti(z)=x
Tr(z) = 22Ty (x) — Tr1(x)
and

p(z) _ coTo(z) + ... + e Tn(z)
a(z)  canTo(z) + ... + conTn(z)’

Tpe(T) =

respectively.

A target nozzle profile is chosen. Regular and rational Chebyshev polynomials are
used to fit to the target nozzle profile (Figure 4-13.

Figure 4-14 shows the maximum difference (in microns) between the sample nozzle
curve and fit of rational and normal chebyshev. 5 um is set as a sample minimum
tolerance. While the minimum order of rational chebyshev polynomials fit is nearly
an order magnitude less than that of normal chebyshev polynomials, the order is still

high. A minimum polynomial order of 18 translates to an optimization requiring 18
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Figure 4-13: 10th order Chebyshev and 10th order rational Chebyshev polynomials
fit to a given nozzle shape. Red is the fit and black is the target nozzle shape.

independent degrees of freedom, which is computationally costly.

4.3.2 Physics Informed Basis Function

Curve-fitting polynomials assume little about the situation a priori. We seek to
decrease the number of degrees of freedom in the basis function by picking a basis
function informed by physical intuition.

We first consider the nozzle as a tool to convert pressure into kinetic energy
or momentum. The overall momentum and kinetic energy is related to the average
velocity through the surface perpendicular to the axis at a given point (“bulk velocity”)
or the square of the bulk velocity (“bulk velocity squared”), respectively.

Given particular profiles of bulk velocity or bulk velocity squared, such as linear,
squared, or cubic profiles, we can directly compute by conservation of mass the nozzle
shape that would produce such a profile (Figure 4-15).

For simplicity sake, we will choose bulk velocity.

Using polynomials to produce a range of bulk velocity profiles will yield the fa-
miliar problem of large numbers of degrees of freedom leading to high computational
cost. In seeking a set of curves to classify the range of bulk velocities, where the noz-

zle exit is placed at x = 0 and the nozzle inlet is located somewhere on the positive
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Figure 4-14: Maximum difference between sample nozzle shape and their normal and
rational Chebyshev polynomial fits.

x-axis. Informed from insights from chapter 3, we want the set of curves to have the

following characteristics:

1. Curves must be at least C2 continuous. In Chapter 3, we made the observa-
tion that the geometry with the smallest entrance fillet radius (the sharpest
orifice entrance) induced the largest flow separation and cavitation. To avoid
abrupt changes in the curve or discontinuities in the first derivative, we impose

a requirement of C2 continuity or higher.

2. The ezit fillet will be set at 5 pm. Smaller exit fillets decrease the risk of flow

separation at the exit.

3. Orifice length will be kept a parameter. Decreasing orifice length decreases vis-

cous loss, and increases efficiency, but the nozzle cannot be infinitely short.

4. Curves must be monotonically decreasing in the direction of flow. A curve that

increases in the direction of flow leads to flow expansion, which induces flow
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Figure 4-15: Given profiles of a) bulk velocity or c) bulk velocity squared such as
linear, quadratic, or cubic, the b, d) nozzle shapes to produce such bulk shaping can
be directly computed.

separation and eddies, unfavorable in NFI.

5. Curves must be monotonically decreasing in the direction of flow. A curve that
increases in the direction of flow leads to flow expansion, which induces flow

separation and eddies, unfavorable in NFI.

6. The set must cover a wide range of curves, including convez and concave, with
as few degrees of freedom as possible. We seek to capture the largest possible

curves with the smallest computational cost.
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The convection-diffusion equation without sources or sinks,

de _ b de
@~ Td? " "dr
can be repurposed by replacing ¢(x) with the bulk velocity, v(z), of a nozzle, and the

general coordinate x can be replaced by z, the distance along the nozzle axis:

The solutions to the 1D heat convection-diffusion equation presents a promising set
of curves for bulk velocity shaping because of each curve is at least C2 continuous and
monotonically decreasing. We define a parameter ¢4, € (0,1) such that t.qc X tmas €
(0, tmaz)-

When c1 = 10, ¢2 = 100, and t,,,, = 0.01 (Figure 4-16a) a wide range of curves is
covered when 4,4, is swept from 0 to 1. These solutions can then be mapped to bulk
velocity that begins at the piston velocity at the inlet and the desired outlet velocity
(Figure 4-16b). The resultant nozzle shapes can then be calculated by principle of
conservation of mass (Figure 4-16c). These shapes can readily be inputted into the
COMSOL interface for CFD solve (Figure 4-17).

Because the entrance length of a pipe of 200 pm is 5 mm, we select the maximum
possible orifice lengths to be to be 5 mm. The two geometry categories of shape
and length can each be characterized by a single parameter, ¢s.,. and length, respec-
tively. The geometry space for optimization has thus been reduced from an 18-degree

problem to a two-degree problem.

4.4 Optimization

Because we have managed to express the optimization problem with two degrees,
the computational cost is drastically decreased, obviating the need for sophisticated
optimization algorithms. Because a single simulation requires only 180 to 600 seconds

to complete, we can perform a two-dimensional sweep to view the contour of each
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residual, the overall objective function, and find the approximate minimum.

We define two objective functions, Z; and Z,:

Z1 =resy + resyr,

and

Zy = T€eS[, + TeScqul-

For Z;, we perform a 20 x 20 sweep, where ¢s,,. is swept from 0.001 to 0.999
and length is swept from 0.5 to 4.8 mm. The loss residual increases with increasing
length because of increased viscous loss in the boundary layer and increases with
increasing tf.,. because there is greater flow separation at an increasingly sharper
point of flow contraction (Figure 4-18a). The velocity field residual increases with
decreasing length because the flow is less developed and increases with decreasing
t frac because less of the geometry is at radii close to the outlet radius and is thus less
developed as well (Figure 4-18b). In the overall objective function, while there is a
valley that runs from the corner of maximum length and minimum ¢4, to the corner

of minimum length and maximum ¢, the overall contour is slight (Figure 4-18c).

For Z,, we perform a 19 x 20 sweep, where 4,4, is swept from 0.025 to 0.95 and
length is swept from 0.5 to 5 mm. The loss residual behaves as described previously
(Figure 4-19a). The cavitation residual increases with increasing length because the
cavitation bubble exists for increasing distances in the nozzle and increases with
increasing ¢ ... because of the larger and more greater negative pressure region around
the point of flow contraction (Figure 4-19b). In the overall objective function, there
is a clear minimum near the corner of the space: minimum length and minimum ¢4,
(Figure 4-19c). We thus yield the optimized nozzle where length = 0.5 mm and £y,
= 0.025 (Figure 4-20).

113



4.5 Summary

The work of shape optimization is split up into three categories and its overview
presented: a choice of an appropriate optimization function, basis functions to cap-
ture the range of nozzle geometries of interest, and method to optimize. From the
perspectives of energy and penetration ability, it is argued that less developed flow
is more advantageous for NFI. We create residuals capturing viscous loss, velocity
field, and cavitation, and use them to form two possible objective functions. Because
a general basis of function requires many degrees of freedom, we take solutions of
the convection-diffusion equation to form profiles of the bulk velocity, and use these
profiles to generate nozzle curves. This approach reduces the degrees of freedom of
the optimization from over 18 to two, drastically reducing the computational cost
for optimization. The optimized nozzle is found by taking 2D sweeps of the nozzle
shape space of each objective function, one combining loss and velocity field and an-
other combining loss and cavitation. Given that less developed flow is advantageous,
the optimized nozzle found using an objective function of the residuals of loss and

cavitation is presented as the final optimized nozzle.
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Figure 4-16: a) Solutions to the 1-D convection diffusion equation at different values of
“time”, shown here a range of 1/20 to 1. b) Given average inlet and outlet velocity, and
length, mapping the the solutions form profiles of bulk velocity. ¢) Using conservation
of mass flow, nozzle shapes are calculated from the bulk velocity profiles.
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Figure 4-17: CFD solves of sample geometries generated by the bulk shaping ap-
proach. Total velocity is shown here as a 2D surface plot. Sweeping the one parame-
ter, non-dimensional “time”, yields a range of nozzle shapes.
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Figure 4-18: Results of optimization using objective function Z;: a) loss residual, b)
velocity field residual, and total residual.
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Figure 4-19: Results of optimization using objective function Z,: a) loss residual, b)
cavitation residual, and total residual.
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Figure 4-20: The optimized geometry of the Z; objective function: length = 0.5 mm,
TF = 0.025. (Scale bar = 1 mm.)
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Chapter 5

Nozzle Orifice Fabrication

5.1 Introduction

In Chapter 4, an optimization framework is presented that is composed of an ob-
jective function informed by residuals relating to the fluid flow, a geometry space
informed by the physics of fluid flow, and a two-dimensional sweep to find the op-
timized nozzle shape. This chapter presents the fabrication of axisymmetric nozzle
orifices for needle-free injection and planar nozzle orifices to examine via high-speed
imaging the cavitation within nozzles of different shapes. The structural integrity of
the manufactured nozzles will inform the creation of an additional type of residual to

improve on the objective function from Chapter 4.

5.2 Fabrication of Axisymmetric Nozzles

A number of techniques exist to fabricate nozzle orifices (Table 5.1). Micro-drilling is
readily available, demonstrated in Chapter 2, and can produce orifices with diameters
as small as 50 um. However, micro-drilling is limited to producing the cylindrical
orifice. Similarly, a lapping procedure has been developed in in the industry, such
as Bird Precision, to produce fine geometries in tough materials such as sapphires
for use in waterjet cutting. However, lapping is also limited to producing cylindrical

and conical orifices. Both ceramic and injection molding can consistently yield 3D
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axisymmetric geometries, but the equipment required is often expensive or not suited
for fast prototyping.

Sink EDM (also known as sinker EDM) is a promising machining method to
fabricate the desired nozzles because of its ability to create cavities of small, complex

3D shapes to machining tolerances on the order of microns, accessibility and cost [7].

Method Cost | 3D shapes | Rapid-prototyping
Micro-drilling low no yes
Lapping low no yes
Ceramic molding | medium yes yes
Injection molding | high yes no
Sink EDM low yes yes

Table 5.1: Overview of manufacturing methods for nozzle orifices.

5.2.1 Background on Electrical Discharge Machining

Electrical discharge machining (EDM) is a method of non-contact machining that has
gained traction over the years because of its ability to cut a wide range of shapes and
metals. As such, EDM machining is commonly used in a range of industries such as
medical devices, aerospace, and mold-making [7]. While the physics underlying spark
erosion is still an area of research [43, 44, 45|, the process operates on the principle of
erosion of metals by spark discharges, EDM uses electrical energy turned into thermal
energy instead of shear stress. When hundreds of volts are applied across a liquid
dielectric filled gap between the electrode (also called “tool”) and workpiece, thousands
of sparks per second are controllably generated, creating an ionizing channel between
the workpiece and electrode. Each spark produces a tiny crater by melting and
vaporizing, thus eroding the workpiece to the shape of the tool (Figure 5-1). As
such, EDM is one of the most accurate manufacturing processes for creating shapes
that are complex, cutting hard materials such as tool steel or tungsten carbide, or
cutting fragile materials that cannot withstand the stresses induced by traditional
manufacturing techniques such as milling, turning, and grinding [7].

Two general types of EDM exist: wire and sink. The wire EDM uses a thin
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Figure 5-1: Electrical discharge machining operates on the principle of spark erosion
[7]. a) Hundreds of volts are applied across a liquid dielectric filled gap between the
electrode and workpiece, generating thousands of sparks per second and b) forming
an ionized channel between workpiece and electrode. c¢) Each spark produces a tiny
crater by melting and vaporizing, thus eroding the workpiece to the shape of the tool.

single-strand wire on the order of 20 to 400 ym in diameter, fed through a top and
bottom wire guide that can be individually controlled to move in the X-Y plane to
cut through metal plates as thick as 300 mm. The sink EDM uses an electrode to
erode a workpiece away, with possible machining movements such as vertical, orbital,
vectorial, directional, helical, conical, and rotational [7]. The resulting cavity in the
workpiece is generally the volume mapped out by movement of the electrode. Thus,
in the simple case of a vertical motion, the eroded cavity in the workpiece is in very

shape of the electrode.

5.2.2 Developing a Nozzle Fabrication Method

Some of the crucial issues in sink EDM machining include workpiece and electrode
material choice and tool removal wear [7]. These issues will guide the development of

an appropriate method to fabricate nozzles.
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Electrode Fabrication

Electrode shapes were drawn to be the negative of the orifice shape desired (Figure
5-2a). 3 to 5 mm diameter metal rods were turned on a mini-lathe (EMCO Concept
Turn 55) (Figure 5-2b) to vield electrodes for use in sink EDM. SEM imaging show

diameter of electrode tips as small as 20 to 30 pum.

TM3000_1963 2016/07/02 11:56 HL D7.5 x30

2mm  TM3000_1959 2016/07/02 1152 HL D75 x300 300 um

Figure 5-2: Metal machining of electrodes. a) CAD drawing of an electrode, the
shape of which is the modeled after the interior of the injex ampoule. b) Electrodes
are turned on the EMCO lathe, yielding ¢ - d) electrodes with tips with diameters as
small as 30 pum.

Machining graphite electrodes requires an additional setup for air evacuation,
because the graphite particles produced during machining can present a health hazard.
The mini-lathe was outfitted with an custom-built air evacuation system (Figure 5-
3a) and HEPA filter that provided the industry standard flow rate for evacuation

of graphite particulates [46]. The inlet tube holder provided two-axes of motion to
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vacate debris directly from the tip region of the turning tool (Figure 5-3b). Graphite
electrodes were thus readily machined using this method and imaged on the SEM

(Figure 5-3c-d).
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Figure 5-3: Graphite electrode machining. a-b) The EMCO mini-lathe was outfitted
with a custom air evacuation and HEPA filter system to clear the air of graphite
debris, yielding c-d) graphite electrodes.

Electrode Material Choice

Graphite, copper, tungsten, copper tungsten were assessed and tested for their suit-
ability for nozzle machining. Characteristics relevant to sink EDM machining are
summarized in Table 5.2.

Graphite is one of the most popular choices of electrode materials, due to their high
resistance to heat in the spark gap, low thermal expansion, and absence of burrs in
electrode machining. When graphite electrodes were used to machine nozzles however,
little of the tip remained after one cycle because of the high tool removal rate (Figure
5-4). Because the shaft of electrodes are on the order of hundreds of microns and the

tip is often on the order of tens of microns, the tip is composed of little material. As
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such, a material with higher tool removal rate and higher density is advantageous.

Copper is also a popular choice in electrode materials. However, given its low
modulus of elasticity 5.2, the electrode tip deforms easily during machining (Figure
5-4), rendering the electrode unusable.

Tungsten is favorable because of its high density, high melting point, and low
thermal expansion. However, tungsten electrodes had a tendency to melt and re-
solidify on the electrode tip, drastically changing the geometry of the electrode.

Copper tungsten was finally chosen because of its favorable melting point, high

density, and low tool removal rate (Figure 5-4).

Workpiece Material Choice

Three materials were tested for sink EDM machining: stainless steel alloy 316, stain-
less steel alloy 420, and carbon steel alloy 1045. Their characteristics are summarized
in Table 5.3.

Because of their resistance to rust, nozzles composed of stainless steels have the
advantageous ability of maintaining their original contour even after multiple uses
or long exposure to water. However, the higher the content of non-ferrous materials
such as chromium and magnesium, the lower the content of iron and carbon, the more
difficult to erode by spark. Consequently, the machining of stainless steel nozzles
consistently yielded non-circular orifices or took more time to machine (Figure 5-5a-
b).

1045 carbon steel was eventually chosen because of its high iron and carbon con-
tent. Nozzles machined using this material consistently yielded orifices of greater

regularity and circularity (Figure 5-5¢).

5.2.3 Micro-drilling and Sink EDM Fabrication

The first fabrication method attempted was to directly sink the workpiece using an
electrode, of whose shape represented the desired nozzle interior. Because of the

significant tool wear rate however, as much as 30 - 40% of the length of the electrode
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Figure 5-4: Sink EDM electrode using different materials. Left column pictures show
fresh electrodes, right column of pictures show electrodes after machining to show
tool wear.

tip was eroded (Figure 5-4), even with the improved tool wear characteristics of CuW.

To mitigate these issues, a three-stage fabrication process is developed (Figure
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20150507 2127 ML DITTXI0 - Zmm  TM0O0 1658

Figure 5-5: Materials are imaged on the SEM after sink EDM machining: a) stainless
steel 316, stainless steel 420, and carbon steel alloy 1045.

5-6). In the first step, micro-drilling is used remove the bulk of the material in the
workpiece. In the second step, a thin electrode is used to machine the nozzle orifice.
In the third step, a larger electrode with a tip on the order of 20 - 30 gm in diameter
is machined. Because the tip diameter is less than the diameter of the narrow region
machined in the second stage, it is can be used as a probe to edge-find the center of
the narrow region using electric contact. This larger electrode then is used to machine
the larger orifice entrance geometry. Because micro-drilling was found to consistently
machine circular orifices, another smaller micro-drilling step could be introduced after
the first micro-drilling step to machine the orifice exit geometry, yielding a four-stage

process.

5.2.4 Post-processing

Orifices with interior burrs and non-circular exit geometries presented challenges in
nozzle machining. These obstructions to flow can cause the jet to disperse. A post-
processing method was developed to address these challenges remove interior burrs
and increase circularity. A typical sandblaster was modified (Figure 5-7a) to host
nozzle inserts that produce dispersed jets (Figure 5-7b). When fine aluminum oxide
particles (1200 grit, 3.6 um radius) are forced through the orifice, the interior burrs
and were lessened, and the nozzle insert produces a jet of increased collimation (Figure

5-7c).
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Sacrificial probe

Figure 5-6: A fabrication method is developed that involves three stages of micro-
machining: micro-drilling, small-feature sink, and large-feature sink.

5.3 Fabrication of Planar Nozzles

Cavitation within the nozzle is difficult to image in the traditional nozzle. The nozzles
presented above are composed of optically opaque metal. While the Injex nozzle is
made of polycarbonate, at the nozzle orifice, the thick walls are difficult for light to
penetrate and the walls are curved. Even if the walls were optically clear, cavitation
around the circumference of the interior wall would obscure the camera’s line of sight
and render imaging a cross-section of the cavitation challenging.

In the similar field of fuel injector nozzles, Sou and colleagues gxamined the re-
lationship between cavitation and dispersion angle by fabricating and imaging 2D
nozzles, consisting of two stainless steel plates to form the the sharp-edges at the in-
let of a nozzle sandwiched between two acrylic flat plates [5]. The flow and cavitation
inside the 2D nozzles were then imaged by a high-speed camera. Although the width
of these 2D nozzles were an order of magnitude larger than the diameters common in

needle-free injection, the tested Reynolds numbers ranging in the tens of thousands
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Figure 5-7: a) A post-processing method ejects an air-sand mixture to sands the
interior of nozzles. b) Nozzles of dispersed jets produce c¢) collimated jets after post-
processing.

is a similar range as that experienced in needle-free injection.

1 mm sheet aluminum was first cut on the Wire Electrical Discharge Machine
(Wire EDM) to form a monolithic structure of which the nozzle shape formed the
interior shape (Figure 5-8). This piece was then sandwiched between laser cut 7 x 7
x 1 mm optically clear cast acrylic and bonded using a combination of Loctite Super
Glue Liquid Professional and Weld-on 4 Acrylic Cement. After bonding, the top of
the structure was then grinded off to form the nozzle inlet opening, then bonded to a
circular adapter to fit into the multi-piece ampoule (Figure 5-9). To further reinforce
the hydraulic seal between the three plates, screws and nuts were also tightened on

either side of the nozzle walls.

The minimum orifice height of the 2D planar nozzles was limited at 1 mm, because
a sufficient contact area is required between the acrylic walls and aluminum insert
given the bond strength of the current fabrication technique. Improving the bonding
techniques between acrylic and aluminum or developing a method to fabricate mono-
lithic, optically-clear structures could expand the range of geometries in 2D planar

nozzles that can be imaged for cavitation.
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5mm

Figure 5-8 1 mm sheet aluminum is cut on the Wire EDM to form a monolithic
aluminum structure of which the nozzle shape forms the interior cut-out. The cut-
outs of the following geometries are shown: cylindrical, Injex, and optimized planar
nozzle

b)

5mm

Figure 5-9: The 2D clear nozzle is composed of a two aluminum plates cut by wire
EDM, sandwiched between two optically clear cast acrylic walls, and attached to an
circular adapter to fit into the multi-piece ampoule. A 2D version of the cylindrical
nozzle was a) first designed in CAD then b) fabricated and tested.

5.4 Manufacturing Informed Geometry Optimization

Recall that the minimum height for fabrication of 2D nozzles was determined by
the bonding between the acrylic and metal nozzle walls. Manufacturing insights can

further inform geometry optimization and are explored below.

5.4.1 Planar Nozzle Optimization

With a minimum height of 1 mm for 2D nozzles, the minimum length in the 2D
optimization space was increased from 0.5 to 1 mm. An new objective function can

be defined as:
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ZS = resy + reScqv1 + TeSs planar,

where res; pianar 1S defined as

0, ifz>1mm
TE€Ss planar = (51)

oo, Iif z < Imm.

Figure 5-10a shows the objective function Z3, yielding the TF0.05L1 nozzle (Figure

5-10b) as the optimized geometry and was chosen for fabrication.

3 b

24

Figure 5-10: Planar Nozzle Optimization: a) the planar nozzle objective function and
b) the optimized geometry for planar nozzles. (Scale bar = 1 mm.)

5.4.2 Polycarbonate Axisymmetric Nozzle Optimization

Injection molding polycarbonate is commonly used to mass manufacture needle-free
injector ampoules. While fabricating injection molded nozzles was out of the scope of
the work of this thesis, the stress in nozzle walls caused by the pressure of fluid flow
acting on the nozzle walls of different nozzle geometries can be used to inform nozzle

geometry optimization.
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Model Setup

Using the fluid-structure module of COMSOL Multiphysics, a stationary study was
set up to simulate the two-way interaction between the fluid flow within the nozzle
and deformable nozzle walls. The geometry is composed of the nozzle interior through
which fluid flows and nozzle walls (Figure 5-11).

The inlet (side a) condition is a uniform velocity that matches the piston’s travel
of 0.562 m/s. Side b is the axis of symmetry around which the rest of the 2D geometry
is revolved to form the 3D geometry. The outlet of the nozzle is side ¢ and is set at
atmospheric pressure. A no-slip condition is imposed on the orifice and ampoule wall
(side d). Only side e is fixed, atmospheric pressure is placed on sides f and g. The

mesh on side b is prescribed to zero r-displacement, whereas the mesh on sides a and

¢ are prescribed to zero z-displacement.
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Figure 5-11: Fluid-structure model setup: geometry and boundary conditions.
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Results

Polycarbonate under stress experiences two types of failure modes: brittle and ductile

[47]. The stress, o, required to make a crack to propagate is

b, CK,.
- Jma

where C is a constant near unity, a is the crack length, K¢ is the plane-strain

fracture toughness, 3 MPa-m°® [48]. Given that the maximum principal stress ex-
perienced in the entire space was 240 MPa, the minimum crack length that will
propagate is 50 um. This crack length in polycarbonate is considered unlikely in
injection molded polycarbonate nozzles where the smallest feature size is on 200 pm

or less. It is concluded that the ductile mode is the most likely failure mode.

The strength of polycarbonate is 70 MPa [48]. Placed under the pressures of
flow, many geometries will experience structural failure, including the first optimized
geometry, the TF0.025L0.5 (Figure 5-12a). Nozzle geometries that experience more

gradual transitions of pressure do not fail (Figure 5-12b).

A structural residual, res; oy, can be defined as the ratio of the maximum von

Mises stress over the strength:

o max(O'Vmises)
T€Sspolye = ——
af

where o is the strength and sigmaymises is the von Mises stress in a given nozzle
geometry. The plot of res poy. is shown in Figure 5-13.

A second manufacturing-informed objective function can thus be defined as

Zy = resy + reScqu1 + TS5 polyc

The Z, objective function is shown in (Figure 5-14a). The nozzle geometry with
the minimum value in the objective function is the TF0.05L5 nozzle (Figure 5-14b).

(Scale bar = 1 mm.)
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Figure 5-12: Total velocity and von Mises stress fields of nozzles. Polycarbonate
nozzles of geometries hosting large pressure gradients such as a) TF0.025L0.5, will
fail, while other nozzle geometries such as the b) TF0.2L2 will not fail.

5.5 Summary

A novel nozzle manufacturing technique is developed using a combination of micro-
drilling and sink electrical discharge machining to fabricate axisymmetric nozzle
shapes. Optically clear planar nozzles are developed and fabricated to image cav-
itation within the interior of nozzles.

New residuals informed by the structural integrity of manufactured planar or
polycarbonate axisymmetric nozzles, yielding two new optimized geometries. These
new residuals are combined with the original metrics of efficiency and cavitation (from
Chapter 4) to form optimization functions for planar or axisymmetric nozzles, and

completing the framework for nozzle shape optimization (Figure ?7).
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Figure 5-13: Structural residual for polycarbonate nozzles.
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Figure 5-14: a) Manufacturing-informed objective function, b) the optimized nozzle
for objective function Z,.
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Material | Resisit- Melting Density | Hardness | Machin- | Modulus | Thermal
ivity Point (kg/m?) ability of Expan-
(ohm-m) (°C) Elasticity sion
(GPa) (107%/K)
Graphite | 1.4 x 107° 3350 2300 Shore easy, but 11.36 5.9
(B325) Hardness needs
65 ventilation
Copper | 1.7 x107® 1065 8900 Rockwell | too soft, 117 16
(Multi- F65 will
purpose deform
110)
Tungsten | 5.6 x 1078 3422 17000 Rockwell | very hard, 400 4.5
(90WCu4- C25 abrasive to
cutting
Ni6) tool
Copper | 4.1 x 1078 3380 / 13800 175 Hb very hard, 220 10.3
Tungsten 1085 abrasive to
(70W30Cu cutting
tool

Table 5.2: Characteristics of tested electrode materials.




Material % Carbon | % Iron | Corrosion resistance
Stainless Steel 316 | 0.03 - 0.08 70.95 high
Stainless Steel 420 | 0.14 min 87.12 moderate

Steel 1045 0.42 - 0.50 98.75 low

Table 5.3: Characteristics of tested workpiece materials.
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Figure 5-15: Overview of the final optimization framework for nozzle shape optimization.
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Chapter 6

Comparisons of Commercial to

Optimized Nozzles

6.1 Introduction

Using a mixture of experiments and computational tools developed in Chapters 3

and 4, the optimized nozzle is compared with commercially available nozzles. The
Injex nozzle is the focal point of comparison because it is commonly accepted in the
needle-free injection industry. The cavitation was imaged within planar nozzles of
the shapes of Injex, cylindrical, and optimized planar nozzle.

Computational analysis will also be used to compare the efficiency and cavitation
of the optimized nozzle to a wide variety of nozzles used in needle-free injection
industry and research: the polycarbonate Injex nozzle, the stainless steel standard
cylindrical orifice (1 mm length), the stainless steel O’Keefe nozzle, the ceramic SPT
nozzle, and the jeweled Bird Precision 24 nozzle (Figure 6-1). For consistency, the

optimized planar nozzle is used as the point of comparison.

6.2 Efficiency

The efficiencies of all nozzles are calculated and compared (Figure 6-2). The cylindri-

cal orifice has the sharpest transition at the orifice exit (entrance angle of 0 degrees)

141



Figure 6-1: Nozzles commonly used in needle-free injection industry or research are
compared to the optimized nozzle: a) Injex nozzle, b) cylindrical orifice, ¢) O’Keefe
nozzle, d) SPT nozzle, and e) Bird Precision 24 nozzle.

and consequently yields the largest viscous loss and lowest efficiency. The Injex nozzle
hosts a large exit fillet, 100 pum in radius, causing flow separation and flow expan-
sion just above the fillet, and thus inducing viscous loss upstream from the orifice
exit. The geometries of the O’Keefe, SPT, and Bird Precision 24 nozzles all employ
a ampoule-orifice conical transition of various entrance angles to a cylindrical orifice
similar to the geometry explored in the parametric study of entrance angle (Chapter
3). Viscous losses occur at the orifice transition, causing decreased efficiency. The
efficiency of the optimized planar nozzle is the highest and is about 7% higher than

that of the Injex nozzle.

6.3 Cavitation

Comparison of Simulated Cavitation

Using the streamline approach developed in Chapter 3, cavitation regions within com-
mercially available nozzles and the optimized planar nozzle are simulated and shown

in Figure 6-3. In the Injex nozzle the transition from ampoule diameter to nozzle di-
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Figure 6-2: Efficiency comparison of commercial available nozzles with the optimized
planar nozzle.

Injex Cylindrical

ameter is smooth, and no cavitation is predicted in the bulk of the interior. However,
because Injex nozzle hosts a large exit fillet, 100 gm in radius, flow separation and flow
expansion occurs just above the fillet, causing significant cavitation at the orifice. In
nozzles used in needle-free injection research, sharp transitions at the orifice entrance
cause cavitation in the orifice. Because the SPT nozzle has the largest entrance angle
and therefore the most gradual transition, the cavitation is least. Little cavitation is

perceived in the optimized planar nozzle.

The cavitation metric developed in Chapter 4 is used to quantify the difference of
cavitation within each nozzle (Figure 6-4). The model predicts the cavitation in the
cylindrical nozzle to be the largest. This is consistent with the findings of Chapter 3;
sharper transitions at the orifice entrance increase flow separation and expansion. The

simulated cavitation in optimized planar nozzle is four orders of magnitude less than
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Figure 6-3: Comparison of simulated cavitation between commercial available nozzles
and the optimized nozzle.

the cavitation in the cylindrical geometry and one to three orders of magnitude less
than other nozzles commonly used in NFI research. Of note, the simulated cavitation
in the optimized planar nozzle nozzle is about two orders of magnitude less than that

of the Injex nozzle.

Cavitation Imaging

We seek to experimentally confirm the predictions of cavitation regions made by
our streamline cavitation computational analysis. The planar nozzle was placed in
between a high-speed camera (Phantom v2511, courtesy of the MIT Edgerton Lab)
and a halogen LED lamp that shone directly through the planar clear nozzle into the
camera lens, forming a back-lit imaging setup. The high-speed camera caught images
at a rate of 50,000 to 75,000 fps, with an exposure time of 1 us.

Given the backlit set up, cavitating bubbles most often appear as dark regions
because bubbles scatter incoming light away from the camera lens and sensor. Sig-

nificant cavitation is observed in the cylindrical nozzle (Figure 6-5). Note the initial
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Injex Cylindrical OKeefe SPT Bird Precision 24 TF.05L1

Figure 6-4: Cavitation metric comparison of commercial available nozzles with the
optimized nozzle geometry.

water-air interface above the orifice entrance into the at t = 0 s. This interface is
pushed downwards as the ejection begins and water begins to push out of the nozzle
at t = 0.436 ms. The growing cloud of cavitation bubbles reaches the the full length
of the orifice at t = 1.399 ms.

Similarity of Simulations and Experiments

The cavitating bubbles are well above 1 pm and easily in the 10 to 50 um range,
which means that pressure is the dominant force, helping to further justify the as-
sumption made for the streamline approach in simulating cavitation in Chapter 2

to neglect viscous and surface tension terms and only include the pressure forcing
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Figure 6-5: Imaged cavitation within the planar nozzle of the cylindrical shape. Cavi-
tating bubbles appear as dark patches because they refract and scatter the light away
from the camera lens and sensor. The red box in the first frame indicates the area of
zoom of the subsequent frames. Orange lines denote the nozzle walls to distinguish
between the dark wall and cavitation in the orifice.

term. On the other hand, if these bubbles were to grow still larger and combine with
other large bubbles to form regions of gas, these regions would be fixed at cavitation
pressure [37] instead of the pressures in the negative MegaPascals predicted by CFD
simulations. If so, then our cavitation tool could be significantly inaccurate. When
the cloud of cavitation grows larger bevond 1.254 ms, it is unclear in the time-lapse
images whether the bubbles are combining to form regions of gas or whether they are
primarily surrounded by fluid.

How similar are the flow and cavitation in these planar nozzles as compared to
the simulations of 2D axisymmetric nozzles? Two comparisons on the observable
structures within the flow of these two scenarios suggest promising accuracy of these
simulations.

The regions of cavitation as predicted by the streamline approach are compared
with cavitation imaged in the planar nozzle (Figure 6-6). While the cavitation clouds
of both corners do not meet at axis as simulated, the general structure is the same;
a start at the sharp-corner and an extension of the cavitation down the length of the
orifice and beyond the exit. This visual comparison helps confirm the accuracy of the
cavitation prediction tool developed in Chapter 2.

A time-dependent, axisymmetric study of a two-phase (air and water) CFD sim-
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Figure 6-6: Side-by-side comparisons between the simulated (left) and imaged cavi-
tation (right), where orange lines in the cavitation image indicate the nozzle walls.
Black regions represent regions of cavitation in both simulated and imaged cavitation.

ulation of a water ejection into atmospheric air was carried out in COMSOL. The
initial water-air interface was placed slightly above the orifice exit. As water is ejected
from the nozzle with increasing speed, the slowly moving jet front will bunch up and
be pushed out by the faster traveling fluid behind it, eventually forming a “curling lip”
(Figure 6-7). The simulations predict this curling lip for a large range of geometries,
provided the initial interface is near the orifice exit. In the planar nozzle experiment,
when we are careful to control the water such that the water-air interface is located

slightly above the orifice exit, the same behavior is seen (Figure 6-8).

It is worth noting that the development of the curling lip are on different timescales.
The imaged curling lip forms over the course of about 1 ms, because the timescale
for the power amplifier and motor to ramp up to maximum current and force is on
the order of 1 ms. In the simulation however, the computation cost was conserved
by decreasing the timescale of the inlet velocity ramp 1 us and the study was studied

the behavior of the jet shape over the first 15 us.

While the simulation failed after the tip of the lip curled inward and collided with
the main body of the jet, imaging of flow in the planar nozzles reveals that the curling
lip develops until t = 0.613 ms, after which it is pierced through by the fluid moving
behind it, the fast-moving fluid that ultimately forms the jet.

The similarity between the initial flow structure predicted by simulations and that

imaged in the planar nozzles, demonstrates further promise that the flow within these
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planar nozzles are similar to the 2D axisymmetric flows that are simulated.

Figure 6-7: COMSOL simulation of an ejection of water into atmospheric air. Regions
of blue are occupied by air and regions of red are occupied by water. As water is
ejected from the nozzle with increasing speed, the slowly moving jet front bunches
together and is pushed out by the faster traveling fluid behind it, eventually forming
a “curling lip”.

Comparison of Imaged Cavitation

We now experimentally compare the cavitation in the different nozzles of interest
by choosing to image the flow in few representative planar nozzles: the cylindrical,
injex, and optimized planar nozzle. We compare side-by-side the snapshot of greatest
cavitation in each of the planar versions of these nozzles (Figure 6-9). Here we see
that the amount of cavitation differs in the different geometries: cavitation extends
throughout the entire length of the orifice in the cylindrical geometry, the cavitation
is only present just above the exit expansion of the Injex nozzle, and little cavitation

is present in the optimized planar nozzle.
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Figure 6-8: The curling lip is imaged in the fluid flow of planar nozzles. The curling
lip develops until t = 0.613, after which the faster moving fluid behind the curling lip
penetrates through to form the jet.

6.4 Summary

By computational analysis, the optimized planar nozzle is more efficient than any
commercial nozzle and specifically, 7% more efficient and than the Injex nozzle. The
cavitation structure and curling-lip imaged in planar nozzles are similar to the struc-
tures predicted in simulations, demonstrating promise in the accuracy of the sim-
ulations presented in this thesis. The planar nozzle causes one to three orders of
magnitude less cavitation than research NFI nozzles, and two orders of magnitude

less cavitation than the Injex nozzle.
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Figure 6-9: Imaged cavitation of three different nozzle geometries in the planar nozzle:
cylindrical, Injex, and the optimized planar nozzle. Left column of pictures shows the
nozzle at t — 0, where the black line near the orifice exit shows the initial water-air
interface. The right picture column shows the nozzle at full flow, where orange lines
indicate nozzle walls.
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Chapter 7

Conclusion

This thesis presents the optimization of the nozzle shape for NFI application and the
development of nozzle geometries.

An ampoule platform that houses different nozzle inserts has been developed and
demonstrated, enabling a concentration on the design and fabrication of the nozzle
geometry instead of the entire ampoule. The ampoule and piston are rigid and have
increased controllability compared to its commercial counterparts. Nozzle geometries
capable of producing non-axial jets are developed to expand needle-free injection
modalities. These two novel geometries produce radial jets and intersecting jets,
respectively. They are demonstrated through injection into tissue analog and ez
vivo porcine tissue to have potential for intradermal and intratympanic membrane
injections.

We examined via computational fluid dynamics studies how different geometric
elements of the cylindrical orifice affect the characteristics of the flow in NFI nozzles
such as viscous loss, mechanical efficiency, flow separation, and velocity field. These
insights informed the optimization of the nozzle shape. We considered objective
functions composed of combinations of loss, velocity field, and cavitation. After
further examination of the effect of developing flow on penetration ability and required
energy, we argued that plug flow is more advantageous than fully developed flow and
chose to combine the residuals of loss and cavitation for the formation of an objective

function. The time-dependent solutions to the 1D convection-diffusion equation was
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chosen as the class of curves to represent the bulk shaping of velocity within the
nozzle based on their properties and drastic decrease of degrees of freedom to span
the range of shapes we are interested in. We used a 2D parametric sweep to find the
optimal nozzle shape.

A novel nozzle manufacturing technique is developed using micro-drilling and
sink electrical discharge machining to create axisymmetric nozzles that consistently
produce collimated jets and do not deform over time. Optically clear 2D planar
nozzles are also developed to offer experimental comparisons of cavitation that occur
in nozzles of different shapes. The manufacturing of nozzles inform the creation of
a third kind of residual based on the structural integrity of manufactured nozzles to
form the final optimization function.

The optimized nozzle is compared to commercial nozzles using a combination
of simulations and experiments. By computational analysis, the efficiency of the
optimized nozzle is 7% to 50% greater than that of a commercial NFI nozzle and the
cavitation is two orders of magnitude less. Imaging of the planar nozzles confirms
that the cavitation in the optimized nozzle is significantly less than the cavitation in

the commercial ampoule or drilled orifice.

7.1 Future Work

7.1.1 Experimental confirmation of optimization

The sink EDM failed near the end of this thesis work and the optimized nozzle is yet
to be fabricated. An important step would be to fabricate the optimized nozzle and
experimentally compare its efficiency, injection characteristics (such as injection depth

or volume delivered), collimation, and dispersion angle with commercial nozzles.

7.1.2 Cayvitation

This thesis explored for the first time the issue of cavitation in NFI and demonstrated

promise in predicting and imaging cavitation. However, there still exists no direct and
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quantitative relation between the amount of cavitation in a nozzle and final injection
outcome. Thus in this thesis, we naively formed the final objective functions, Z3 and
Z4, by equally weighting the three normalized residuals of efficiency, cavitation, and
structural integrity equally.

Obtaining a quantitative relation between cavitation and injection characteristics
(such as injection depth or volume injected) would further the creation of a more
realistic objective function. Given how complex cavitation, two-phase flow, and tissue

fracture are, these insights are likely best obtained through experimentation.

7.1.3 Device development and manufacturing

Nozzle mass manufacturing

One of the major issues with commercial NFI industry is the wide range of jet char-
acteristics due to the manufacturing tolerances in the 3D orifice geometry of injection
molded nozzles, traditionally favored because of its low-cost for mass manufactur-
ing. While the nozzle fabrication technique presented in this thesis has the capability
of fabricating nozzles to appropriate tolerances, it requires many steps and is time-
consuming. The time to manufacture a particular geometry could be introduced in
the objective function for an optimization of greater scope and realism. Secondly,
it would be helpful to explore different manufacturing methods to find the optimal
method and material for mass manufacturing, tight tolerances, and biomedical appli-
cation. One final work that would be of interest is the design of a compliant nozzle
such that the manufacturing deviations from the intended nozzle geometry deform to
the pressure gradient experienced in the flow of the nozzle interior to still produce

the originally intended nozzle shape.

Non-axial nozzle geometries

The space of possible needle-free injection modalities is as wide as the space for
medical injections. A narrow three-orifice nozzle, one to shoot axially downwards

and two to shoot diagonally downwards and outwards within the same plane could
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be developed for the cosmetic industry to fill wrinkles. A nozzle composed either of a
rifled orifice geometry or of two off-axis cylindrical orifices slightly spaced apart could
produce one spiraling jet to enhance a jet’s ability to penetrate tissue. Finally, a
thin and wide orifice could be fabricated to produce radial sheets of flow to penetrate
tissue, and take advantage of tissue anisotropy by traveling between tissue layers

instead of through tissue layers for increased efficiency of drug delivery.
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