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ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville

Degree __ Doctor of Philosophy College/Dept. Engineering/Mechanical and
Aerospace Engineering

Name of Candidate Robert J. Kenny
Title Influence of Variable Thrust Parameter on Swirl Injector Fluid Mechanics

Current swirl injector design methodologies do not consider elevated chamber
pressure and less than design mass flow rate operation found in variable thrust liquid
rocket engines. The objective of this work is to study the effects of elevated chamber
pressure and off-design mass flow rate operation on swirl injector fluid mechanics.
Using a high pressure chamber, water flowed through a swirl injector at various
combinations of elevated chamber pressure and reduced mass flow rate. The optically-
accessible swirl injector allowed for determination of the film thickness profile down the
swirl injector nozzle section. High speed video and digital stills showed significant
increases in the film thickness profile at high chamber pressure and low mass flow rate
operation. At prescribed combinations of chamber pressure and mass flow rate, a jump
was noted in the film thickness profile. This jump was assumed related to a vortex
breakdown phenomenon. Measured injector discharge coefficient values showed
different trends with increasing chamber pressure at low mass flow rate operation as
opposed to near-design mass flow rate operation. Downstream spray angles showed
classic changes in morphology as the mass flow rate was decreased below the design
value. Increasing chamber pressure worked to decrease the spray angle at any injection
mass flow rate. A new set of fundamental relations linking swirl injector design
parameters to injector geometry and flow conditions were derived. Impacts of the

research findings to the swirl injector design process were assessed.
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CHAPTER 1

INTRODUCTION

1.1 Liquid Rocket Engine Injectors

The mobility of every liquid rocket is tantamount to the design and operation of
one component: the engine. Liquid rocket engines utilize the reacting force of exhausting
propellants to create thrust, which is used to propel the rocket’s mass. The engine itself
has many components, generally grouped into two main sections: the propellant delivery
system and the thrust chamber assembly [1]. Of these two sections, the thrust chamber is
the most influential to the engine performance [1]. Thrust chamber assemblies are
divided into three main sections: the injector, the combustion chamber, and the exhaust
nozzle. Figure 1.1 shows a general thrust chamber schematic with the three main

sections labeled [2].



Thrust chamber structure (cutaway)

Injector usually cooled
. . Pyrotechnic igniter
Engine gimbal mount )/
Combustion Nozzle throat Exhaust nozzle
chamber hi hé\gt=h19atin M>1
M=0.1-0.4 9 9
I| T
Oxidizer inlet E .
L Fuel manifold
Oxidizer dome
manifold Fuel inlet

Figure 1.1 Thrust chamber components for a bipropellant engine [2]

Following Figure 1.1, the propellants are delivered to the injector manifold
system via the oxidizer and fuel inlets. Next, the propellants are introduced into the
thrust chamber by the injector. Depending on whether the propellant states are liquid or
gas, the propellants are atomized, vaporized, and mixed in preparation for combustion
within the combustion chamber. After the propellant mixture is ignited and burned, the
combustion products are accelerated to supersonic speeds through a converging —
diverging nozzle. Each process of injection, combustion, and expansion are interrelated
in design and performance. However, the injection process, inclusive of propellant
introduction and preparation, has the largest effect on the thrust chamber performance.
Propellant injection can influence combustion efficiency, chamber wall heat transfer, and
supersonic gas expansion [3]. Because injection quality is so important to engine
performance, emphasis is given within rocket development programs to proper injector

hardware design, characterization, and testing.



1.1.1 Injector Hardware and Development

According to Gill and Nurick [4], a liquid rocket engine injector “atomizes and
mixes the fuel with the oxidizer to produce efficient and stable combustion that will
provide the required thrust without endangering hardware durability.” Essentially, the
injection device is responsible for preparing the propellant combination to provide a high
quality combustible mixture within the chamber. The injection device also works to
preclude any harmful effects on the chamber caused by the high pressure and temperature
based combustion. Different types of injectors and methods for their development are

reviewed in this section.

1.1.1.1 Injector Configurations

Rocket injectors vary in geometry and layout since not all rocket engines are the
same size and shape. However, the typical liquid rocket injector consists of a faceplate
that is attached to one end of the thrust chamber. This faceplate is embedded with
multiple injection elements which are fluid circuits that deliver propellants. The size and
number of injector elements is indicative of the amount of thrust produced by the engine.
Faceplate design features such as number of elements, inter-element spacing, and
particular element type are all chosen to meet the desired combustion behavior.

As an example of the multi-element injector configuration, the Space Shuttle

Main Engine (SSME) injector is shown in Figure 1.2 below. The SSME is a bipropellant



engine, using liquid oxygen (LOX) as the oxidizer and gaseous hydrogen (GH2) as the

fuel.

MAIN INJECTOR ASSEMBLY

Spark Fluted oxidizer posts where
igniter hot hydrogen evaporates the oxygen

Fuel inlet from
hot gas manifold

BN . - . Cold hydrogen cavity
Oxygen inlet 5 g ‘
manifolds N\ Five compartment
baffle with 75 cooled
injection posts

Primary injection
plate (transpiration
cooled) with 525 main
injection elements

transmitting \
cone -

Ignition flame tube

Oxygen A
from main’
oxygen valve

Figure 1.2 SSME multi-element injector [1]

Figure 1.2 shows how the main injector assembly receives propellants from the
manifolds, and delivers the propellant combination into the combustion chamber via
several hundred elements. The design features of this injector were influenced by
previous engine work which helped mitigate problems with combustion stability and
efficiency [5]. In combination with design heritage, a large amount of performance
testing was used to help make decisions for injector geometry and element layout. The
testing methodology used followed a general scheme often found within multi-element

injector development programs, as described in the next section.



1.1.1.2 Testing Strategies for Injector Development

The design, testing, and acceptance process for multi-element liquid rocket
injectors comprises several steps, with each step having its own set of development
considerations. Initially, the overall engine operating parameters are decided, including
the engine thrust, propellant combination, and mass flow rate [1]. Next, the global thrust
chamber dimensions are chosen. Assuming a cylindrical chamber design, these
dimensions consist of an average chamber length and diameter. This chamber diameter is
also the maximum diameter of the injector faceplate assembly. Selection of engine cycle
type is made, which can determine the fluid state of the propellants upon injection into
the chamber [3]. Once the propellant fluid state is decided, injector element types are
chosen for consideration. At this point in the design process, the specific features of the
injector faceplate are still unknown. Parameters such as total number of elements,
element configuration across the faceplate, and type of element used are unknown.
Because the influence of single element behavior is so critical to overall injector
performance and size, extensive testing and development is typically done on a single
element level prior to multi-element injector construction.

After an element design has been selected, the number of elements needed to
provide the total thrust is determined. However, some programs have tested ‘subscale’
multi-element injectors prior to building the full-scale, multi-element injector. In such a
case, a small number of elements, much less than the total number anticipated for the
full-scale injector design, are mounted within a smaller diameter injector faceplate. The

intention of this subscale injector is to optimize element-to-element spacing and



orientation within the injector face. Numerous programs have used subscale injector
testing to troubleshoot problems such as combustion stability, wall heat transfer, and
inter-element flow disruptions. Satisfactory subscale injector tests lead to full-scale
injector design and fabrication. The full-scale injector is tested, any desired changes are
made, and the final injector design is accepted [2].

Examples of this general injector development process are readily seen within
previous injector testing programs. The use of the steps listed above is dependent on the
testing program rationale itself. Table 1.1 below gives some general information about
the injector development process used by a select number of historical programs. The
engine design parameters desired, injector elements studied, and the development
processes used are all listed for comparison. Instead of targeting a few examples for
discussion, the reader is encouraged to review the citations in their entirety, since more
information is contained in the project summary reports than can be discussed within this
introduction.

An important feature of each program is the use of subscale hardware as an
intermediate step in the full-scale injector development process. Generally, the programs
reviewed in Table 1.1 used subscale and/or full scale chambers. Subscale testing allows
for lower costs, higher operational safety margins, and higher accessibility for diagnostic
instrumentation [6], [7], [8]. These benefits continue to become even more attractive
with growing demands for economical, yet comprehensive, liquid rocket component
research. Implementation of subscale testing can be done in a laboratory-sized testing

environment where design parameters are easier to change and study.
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Upon acceptance of subscale design parameters, the full-scale hardware design is
extrapolated and built by various means. Ultimately, this process can allow for
optimization of full-scale design features and performance at a fraction of the cost
compared to full-scale iteration and design.

There are many venues of scaling techniques defined within literature, leading to
ambiguity in defining what ‘subscale’ actually means. Table 1.2 was compiled in order
to classify what kind of subscale testing was used for each program listed in Table 1.1.
After choosing the chamber scale, the next level is based on whether or not tests run were
with single element or multi-element injectors. Lastly, if the program had a cold flow

characterization step, it is listed in conjunction with the hot fire component.

Table 1.2 Subscale testing classification

Subscale Chamber Full Scale Chamber
Program Single Element Multi-Element Multi-Element
Cold Hot Cold Hot Hot
Flow Fire Flow Fire Cold Flow Fire
M-1 X X
X-33 X X X
Rocketdyne
OoMS X X
Aerojet OMS X X X X X
STME X X X
TEHORA X X X

Most programs in Table 1.2 start with single element testing. Single element

performance evaluations are crucial inputs to decide the multi-element design, since there



is no accepted set of criteria used to directly design a multi-element injector [17]. Single
element evaluation involves characterization using experimental techniques. Referencing

Huzel and Huang [17], there are three types of injector evaluation tests:

1. Hydrostatic: Hydrostatic pressure evaluation uses a series of water flow
tests that subject the injector hardware, single or multi-element, to
pressure drops and internal stresses representative of those felt during
normal operation. The intention is to check out the injector’s structural
integrity and fluid-mechanical sealing.

2. Non-reacting: Cold flow characterization refers to the quantification of
injector spray fluid features, without the influence of reacting flow
processes. The injector features studied in cold flow include hydraulic
resistance, intact spray features, and spray atomization behavior.

3. Reacting: Hot firing tests evaluate the injector’s influence on the
combustion processes. This type of test is considered the best way to
evaluate the injector’s performance, since all thermo-fluid processes are

captured.

The use of cold flow characterization is an important step, since most element
design methods are based on strictly fluid mechanic considerations. This step is
becoming more important with the advent of liquid rocket injector numerical simulations.
Usually, numerical simulations are first proven with just the injection fluid mechanics,

and then move onto the reacting flow simulation. Correspondingly, there is a need for



cold flow spray measurements to compare against numerical results. The process and

examples of injector element cold flow characterization are reviewed in the next section.

1.1.1.3 Injector Element Cold Flow Characterization

The cold flow simulants are chosen to match the actual propellants’ fluid
properties under given operating conditions. Generally, important fluid properties to
match are fluid densities, surface tension, and viscosities. The water/air combination is
typically used to simulate liquid oxygen (LOX) / gaseous fuel propellants, respectively.
The LOX / gaseous hydrogen (GH2) propellant combination is specifically important to
many engine programs, including those of current interest to NASA [18]. While the
surface tension and viscosity of water does not match that of LOX, water density is very
close to LOX density. Assuming a LOX injection temperature range of 90 — 120K, the
corresponding density is 0.8 — 1.2 times that of the density of water [1]. Recent works
have identified viscosity and surface tension importance on spray fluid mechanics [19],
[20]. However, rocket injection conditions are such that high element Reynolds numbers
are reached, approximating inviscid flow behavior. The assumption of inviscid flow is
the basis for most historical injector elements designs [20], [21], [22].

This range of mass flow rate and chamber pressure, along with the propellant
properties, defines a general working space that a cold flow test should strive to match.
For LOX/GH2 elements, mass flow rate of LOX and GH2 are on the order of 0.5 kg/s
and 0.1 kg/s, respectively. Chamber pressure varies more according to the engine design.

LOX/GH2 engine pressures range from approximately 2 MPa (RL-10A-3) [10] to
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21 MPa (SSME) [5]. Previous cold flow research has not always been able to match all
of the operating conditions absolutely, but instead have matched appropriate non-
dimensional groupings of propellant momentum ratios, mixture ratios, and fluid property
ratios.

Work performed by Cox is an example of basic rocket injector cold flow
characterization [23]. The objective of the work was to characterize SSME rocket
injector elements. To best match the properties of LOX at elevated pressures, several
liquid simulants were used, including water, solvents, and chlorodifluoromethane. Air
was used to simulate GH2. Tests were run at SSME operational mass flow rates and at
3.8 MPa chamber pressure. Measurements were taken to ascertain the elements’
hydraulic resistance, liquid/gas spray distribution, and droplet atomization behavior. The
work showed how manufacturing tolerances within the element hardware can lead to
spray maldistribution and off-design performance. The use of simulants instead of actual
propellants did not reduce the effectiveness of the study, since it was assumed that the
data taken could be analyzed and extrapolated to high-pressure conditions found in hot
fire tests. The important thing to note from this work is the extensive use of cold flow
characterization to size and rate element types investigated prior to hot fire testing. The
use of cold flow testing aided design improvements and gave insight into how changes in
element hardware can affect the hot fire performance.

Another example of high-pressure cold flow characterization is work done by
Cohn et al. [24], [25]. This research, jointly run between the Air Force Research
Laboratory and Sierra Engineering, has been working to develop a methodology to

interpret results from single element cold flow characterization to hot fire performance.
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The technique uses a mechanical patternator to define mass flux distributions for a given
injection spray. A mechanical patternator uses multiple tubes to capture liquid spray, and
then the volume of liquid in each tube is compared by volume fraction, giving a general
spatial distribution of liquid over a cross-section. Gaseous nitrogen and water were used
to test a number of various LOX / gaseous fuel element designs. The testing environment
consists of a 3.5 MPa, optically accessible chamber. Cold flow tests have been run at
elevated pressures to match selected nonreacting and reacting operating conditions. The
mass flux distributions were converted to mixing efficiencies, which were correlated to
the associated hot fire combustion efficiency of the propellants. Results showed that the
cold flow mixing efficiency is related to the combustion efficiency, and that cold flow
characterization can help predict hot fire performance of the propellants.

Cohn’s work acknowledged that cold flow simulants typically operate within
subcritical conditions, while the actual hot fire environment is supercritical. Other
programs, such as those led by Mayer, have used liquid nitrogen (LN2) in place of water
as a LOX simulant [19]. LN2 has similar surface tension and viscosity values like those
of LOX, simulating the supercritical fluid mechanics more accurately. Results by Mayer
have shown much more accurate predictions of LOX spray behavior, particularly in spray
breakup. The effects of surface tension and viscosity are less apparent in the upstream
spray area closer to the element tip. In this zone, the fluid density is the most important
property to match between cold flow and hot fire. As stated earlier, the fluid densities of
water and LOX are approximately the same. Thus, it is fair to say that using water as a
cold flow simulant is acceptable, as long as one is careful about which propellant spray

features are being studied.
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Cold flow injector measurement interpretation to predict hot-fire injector
performance is still unresolved. The non-reacting spray features themselves still need
increased levels of understanding, especially for conditions indicative of liquid rocket
engine operation. Current research programs are studying these features, but are focused
more on effects of changing injector geometry and not operating conditions [26], [27].
As reviewed by Hulka and Kenny [28], upcoming engine programs like those in current
NASA architecture [18] will need to understand the spray fluid mechanics to better size

and rate a desired injection scheme for a liquid rocket engine.

1.2 Coaxial Injection Elements for Liquid/Gas Propellants

Historical LOX/GH2 engines include the J-2, the RL-10A, the RL-10A-3, and the
SSME [1]. This propellant combination has traditionally been injected into the thrust
chamber by coaxial element injectors. A coaxial element has a center tube, or ‘post’,
which LOX flows through and an outer tube surrounding the inner post that flows GH2
through an annular area. Figure 1.3 shows the general features of a coaxial injector
element.

The coaxial spray has four main zones: (1) turbulent liquid core, (2) primary
breakup and atomization, (3) secondary atomization, and (4) droplet flow as seen in
Figure 1.3. Combustion chamber performance is linked through spray mixing and
droplet characteristics within these zones. Efficient mixing is related to the propellant

interface behavior and to the vaporization of the liquid core, captured within zones (1)

and (2).
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Figure 1.3 Liquid/gas coaxial spray features [29]

The better the mixing of the two propellants is, the better the combustion process.
The droplet size and distribution, contained within zones (3) and (4), also plays a large
role in creating efficient combustion. Spray features, such as core breakup lengths and
droplet behavior, are implemented through the design of the coaxial element itself. Two

traditional types of coaxial element designs are used for LOX/GH2 injectors: shear —

coaxial and swirl — coaxial.

1.2.1 Shear — Coaxial Element Design

Shear — coaxial element design is mainly focused towards delivering both the
LOX jet and the co-flowing GH2 gas with large axial velocity components. The faster
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GH2 shears the surface of the liquid jet creating ligaments and droplets as the propellants
flow downstream. In addition to the gas shearing, the liquid jet is breaking up due to its
own internal turbulence and hydrodynamic instabilities [22]. The liquid is completely
disintegrated into droplets in the secondary atomization zone and the liquid jet core is
nonexistent. The spray spreads out from the element tip creating a spray angle.

As discussed by Heister [30], the spray angle and liquid jet breakup length are
important features influencing combustion processes and subsequent engine efficiency.
The combustion zone, or flame front, exists along and downstream of the LOX jet core
for shear — coaxial sprays in reacting environments. Work performed by Mayer et al.
[19] reported that this flame front generally holds the same shape and length as defined
by the nonreacting liquid jet spray angle and breakup length. Conclusions from Mayer’s
work show that good understanding and control of the shear — coaxial element’s
nonreacting design features leads to good combustion process and engine efficiency.

Shear — coaxial elements are simple to design and analyze [4], [20]. The heritage
of this element type has produced a large database of design references. The injected jet
core is highly directional causing the spray to mix and combust at a safe distance from
the thrust chamber wall. The working pressure drop needed is relatively low, and the
shearing gas — liquid core interface provides high quality propellant mixing and good
atomization characteristics.

Fabrication tolerance and element response to unsteady flow perturbations are
disadvantages of using shear — coaxial elements [20]. Tailoring the liquid post’s and
surrounding gas annulus’ exit dimensions is important to achieve high atomization. Any

manufacturing deviations can lead to changes in the propellant mixing and atomization
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behavior; usually for the worst. Flow fluctuations are introduced when combustion
processes cause chamber pressure pulsations. Transverse flow fluctuations in the
secondary atomization zone can modify the injected spray angle, causing intraelement
and interelement behavior that can lead to combustion instabilities. Unsteady flow
fluctuations can also ‘penetrate’ into the element itself, causing upstream mass flow rate
fluctuations during injection. These mass flow rate fluctuations can disrupt the design
mixture ratio and atomization quality of the shear — coaxial element, lowering
combustion performance. The liquid post dimensions can be designed with a metering
orifice to damp out these fluctuations, but there is an associated penalty in higher orifice
pressure drop. According to Hutt [31], this increase in pressure drop can be considered
wasted energy that could have been direct towards providing better mixing and

atomization.

1.2.2 Swirl — Coaxial Element Design

Much like the shear — coaxial element, the swirl — coaxial element flows liquid
oxidizer through a central post, and then subjects the exiting liquid to shearing annular
gas flow. However, instead of the liquid being injected axially into one end of the post,
the fluid is introduced by a series of short orifices tangent to the post’s centerline.
Figure 1.4 shows the general fluid circuits of a swirl — coaxial element.

Liquid enters tangential orifices at the post’s end, and has a tangential velocity

component (V,) as well as an axial component (V). The tangential velocity imparts a
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swirling motion upon the liquid, causing a finite thickness of swirling liquid film to form

inside the post.

Cross-Section

swirling /
liquid film /
V&mg =
End View A TR
— .-.-'1";:'I:

liquid Liquid
Face

Figure 1.4 Swirl — coaxial element spray features [32]

A gas core is formed in the center to fill the vacuum left by the thinning film. The
swirling liquid film moves axially down the post and exits at the injector as a thin conical
sheet with a free cone spray angle, €. The liquid cone’s sheet thickness continues to thin
as the flow moves downstream of the element tip, until finally the sheet begins to break
up into liquid ligaments and droplets. This distance downstream of the element tip is
known as the primary breakup length, and has a cone angle different from the free cone
spray angle. This angle is called the chamber spray angle and is a function of chamber
pressure and upstream spray conditions [33].

Advantages of swirl — coaxial elements are numerous, especially when compared
to an equivalent shear — coaxial element [20]. The thinning sheet of the swirling liquid

provides increased liquid surface thus increasing mixing efficiency over the shear —
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coaxial jet. The thinning conical sheet self-atomizes more readily than a liquid jet and
has increased atomization quality and subsequent combustion efficiency. The gas core
within the liquid post can act as an acoustic damper to control combustion instabilities
potentially occurring within the thrust chamber itself. Fabrication tolerance can be less
strict than shear — coaxial element tolerances, and still have good mixing and atomization
characteristics.

Swirl — coaxial elements are not without their shortcomings. The tangential
orifices require added pressure drop from the propellant delivery system. Improperly
designed swirl elements can lead to flow intensity and mixture ratio non-uniformity
around the spray’s circumference. These non-uniformities contribute to poor combustion
efficiency within the thrust chamber. Wide spray angles give the possibility of spray-to-
wall impingement, reducing chamber life from erosive burning of the chamber wall.
Finally, none of the swirl element design methods published have been verified to work
with changing mass flow rate and chamber pressure operation.

Compared to the shear-coaxial database, swirl injector development heritage is
considerably smaller. In the United States, only the RL-10A-3 engine has used a swirl-
coaxial injector [5]. Inside the element, the LOX flow is swirled by a solid ribbon placed
inside the post. The ribbon swirl injector did not operate as effectively as the tangential
slot design used by current injector designers. A large amount of swirl injector research
and development has occurred in the former Soviet Union, but much of this work is
focused on hot-fire testing as opposed to swirl injector spray features. As noted by

Heister [30], proper understanding of basic spray features can lead to optimal coaxial
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injector design relations. The fundamentals of the liquid swirl spray features must first

be understood in order for swirl — coaxial elements to be designed properly.

1.3 Swirl Injector Element Fluid Mechanics

Swirl injector fluid mechanics have been reviewed by several research groups. A

comprehensive review and comparison of the various analytical frameworks has been

presented by Khavkin [34]. These groups included Yule and Chinn [35], Bayvel and

Orzechowski [36], Abramovich [37], and Bazarov [20]. Khavkin concluded that each

swirl theory reviewed had no distinct advantage over one another, especially compared to

the simplest theory given by Abramovich. Abramovich’s theory uses many of the same

simplifying assumptions as the other theories do, with emphasis on developing a set of

relations for inviscid, ideal swirling flow. These assumptions are

1)
2)
3)
4)

5)

Inviscid flow.

Constant angular momentum.

Working fluid is considered incompressible.
Gravity forces are deemed negligible.

Radial component of liquid velocity is negligible.

The Bazarov design methodology uses similar assumptions as Abramovich to

theoretically describe the swirl injector fluid mechanics. In contrast to Bazarov’s

theoretical relations, Doumas and Laster’s design method is largely grounded in
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empirical data, and includes viscous flow effects. Comparisons of these two
methodologies will be continually made throughout this work. The following subsections
will review global swirl injector fluid mechanics theory and past empirical observations

of swirl injector flow features.

1.3.1 Global Analysis

A comprehensive review of swirl theories that Khavkin presented compared
analytical work done by several research groups [34]. Bazarov’s theory will now be
explored through a broad derivation of the relevant formulas in order to define important
swirling flow features of interest. The reader is encouraged to review the detailed
derivation by Bazarov [20]. The Abramovich assumptions listed earlier are made here.

Figure 1.5 below gives the general diagram as used by Bazarov for his
derivations. Many of the variables in Figure 1.5 simply serve as intermediate terms such
that the final equations will only be functions of a few variables. The first equation
relates the total pressure drop through the swirl element to the total fluid exit velocity for

incompressible flow.

1
AP:P/.—PC:E,O[VZZ (1.1)
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The total velocity consists of three components: axial (U,), tangential (U,), and
radial (U,). Solving Equation (1.1) for the total velocity component and neglecting the

radial velocity gives Equation (1.2).

.
Ll

rms

Figure 1.5 Swirling flow variables used in Bazarov analysis [20]

(1-injector casing; 2-vortex chamber; 3-nozzle passage; 4-tangential passages)

Vs =w/2A%l =JU; +U; (12)
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Equation (1.2) is true for any point along the swirl chamber including within the vortex
chamber and in the length of the nozzle. The mass flow rate of liquid moving through the

swirl element is constant, with the general form of Equation (1.3).

m; = p Vs Ay (1.3)

In Equation (1.3), 4.4 1s the effective cross-sectional area through which the liquid is
moving through.

At the nozzle section of the swirler, the maximum effective area is the nozzle
cross-sectional area. The ratio of the actual mass flow rate in the nozzle section to the
ideal maximum mass flow rate in the nozzle section is the mass flow rate discharge

coefficient, Cp.

_ pannAeﬁ' _ ,OannAnOC _ Uana

(1.4)
pVsA, pVsA, Vs

D

In Equation (1.4), the actual mass flow rate moving axially down the nozzle is the
product of the liquid density, axial velocity component, and the effective liquid flow area.
The maximum liquid flow area possible is the nozzle cross-sectional area, used in the
denominator. For swirl injectors the nozzle cross-sectional area is only partly filled by
liquid, so the area fullness coefficient is introduced as the ratio of liquid flow area to
nozzle cross-sectional area. For a circular nozzle exit, the area fullness coefficient is be

defined as Equation (1.5).
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y R _ 2 2
o=t TR ) g [T (1.5)
A?‘l 7Z-R}’l R?‘l
If the fluid at the exit has a film thickness ¢, then the film thickness is defined as
t:Rn_rmn (16)

Substituting Equation (1.6) into Equation (1.5) gives Equation (1.7).

Rn—z‘ 2_ ) _L 2
a—l—( i j =1 (1 RJ (1.7)

The ideal free cone spray angle, 6, is defined as the vector angle between the tangential

and axial velocity components at the nozzle exit.

tan[gj = Ui 1.8
2 - U ( M )

A convenient grouping of geometric parameters is the geometrical constant 4
defined as Equation (1.9). This grouping uses the nozzle diameter as a normalizing
length, and the nozzle cross-sectional area as a normalizing area. 4 groups the total
tangential inlet cross-sectional area, the nozzle area, the tangential inlet diameter, and the
nozzle diameter. It will be shown in Chapter 5 how 4 is created during the analytical

derivation process.
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A=— (1.9)

With the use of the geometrical constant defined in Equation (1.9), the area fullness
coefficient, and the definition of discharge coefficient in Equation (1.4), it can be shown

that the discharge coefficient is written as Equation (1.10) [20].

A1 (1.10)
l-a a?

Common to both Bazarov’s and Abramovich’s theories is the principle of
maximum consumption, which is now applied to Equation (1.10). In general, this
principle states that the gas core in the center of the swirling flow will establish a certain
diameter of 2r,,,, as to maximize the liquid consumption, or mass flow rate. This
maximum liquid consumption is seen by maximizing the discharge coefficient at the
nozzle exit. The gas core diameter is represented through the area fullness coefficient,
and the maximum value of the discharge coefficient can then be found by setting the

partial derivative of Equation (1.10) equal to zero.

oC,
oa

=0 (1.11)

Application of Equation (1.11) to Equation (1.10) gives a value of 4, which then

can be substituted back into Equation (1.10) to find the maximum discharge coefficient.
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C,=a,— (1.12)

Equation (1.10) is plotted in Figure 1.6 for different values of geometric constant and
fullness coefficient. For each value of geometric constant, there is a subsequent global
maximum value of the discharge coefficient. These maximum values are

correspondingly defined in Equation (1.12), also plotted in the same figure.

Equation
(1.14)

e e
w £y
! !

Discharge Coefficient
o
[\

Equation

o1l (1.16)

0 = \ \ \ \

0 0.2 0.4 0.6 0.8 1
Fullness Coefficient

Figure 1.6 Discharge coefficient variation with fullness coefficient and geometric

constant
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Using Equation (1.12) and relations between the axial and tangential velocity

components, Equation (1.8) can be written as Equation (1.13).

tm{@j: 4}1ﬁj (1.13)
2 a

This angle is actually the vector angle between the axial and tangential velocity

components of the swirling flow right at the injector exit. To relate the injector exit angle
to the actual free cone spray angle, Bazarov uses an additional variable, a, that is the ratio
of the gas core cross sectional area at the top of the vortex chamber to the nozzle cross
sectional area. This variable is defined as Equation (1.14) and the corresponding free

cone spray angle definition is given as Equation (1.15).

2
azzo_“) (1.14)

(2-a)

0 a
= 1.15
tan(zJ . (1.15)

Thus, the discharge coefficient and the free cone spray angle are theoretically
only functions of the area fullness coefficient, which is only a function of the average

nozzle film thickness and nozzle radius.
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1.3.2 Swirl Features: Observations and Correlations

Swirl features include overall spray morphology, inner film thickness, and the
spray cone angle at a given point downstream of the element tip. Each of these features

will be discussed individually in the following subsections.

1.3.2.1 General Morphology

The term ‘general morphology’ refers to the overall structure of the swirling spray
as it exits the nozzle. The general form of a swirling sheet is much like that of a cone.
However, this cone structure is only true for injection pressure drops in the high to mid
range of swirler operation. At lower injection pressure drops, the cone structure begins to
change due to surface tension forces overcoming injected liquid momentum. This change
was visually investigated by Ramamurthi and Tharakan [47]. They investigated the
effect of individual geometry changes and mass flow rate to the overall profile of the
swirling sheet. The swirling sheet was issued into open, atmospheric air. It was seen that
as the mass flow rate was increased from zero, the structure of the swirling sheet moved
through several shapes, or morphologies, that influenced how the sheet atomized. These
morphologies are also noted by Khavkin [34] and Lefebvre [22] and shown graphically in
Figure 1.7.

Further work by Ramamurthi and Tharakan [48] defined discrete flow regimes

where an injected swirling spray transitioned from Tulip stage to a cone-shaped stage.
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Figure 1.7 Liquid swirling spray morphologies [22]

(Reprinted with permission)

This boundary was defined in terms of Weber and Reynolds numbers based on the axial
components of the injected sheet velocity and the exit film thickness of the spray. Using
the previous experimental data from Ref. [47], Ramamurthi and Tharakan found that the
Weber number was actually better in setting a distinct boundary between Tulip and Cone
stages for the spray. In addition to the experimental work, theoretical analysis was used
to evaluate the stability behavior of the swirling sheet upon injection. The general
finding was that even though the swirling sheet was unstable for all mass flow rate, the
growth of disturbance waves was much higher within the Cone stage region of operation,
as opposed to the Tulip stage.

This finding was later confirmed by Ghorbanian using the same techniques [49].
It was shown that the free cone spray angle was a minimum in the Onion stage, and

increased with increasing swirler pressure drop. This trend lasted until the Tulip stage
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was reached and the free cone spray angle was deemed independent of pressure drop.
These findings showed how the injected pressure drop changed the morphology and
subsequent fluid mechanics (i.e., sheet breakup length). The effect of ambient gas
pressure on spray morphology was not included in these studies.

Work performed by Rahman [50] looked at similarity considerations of swirling
flows. Rahman looked at the droplet distribution behavior for a LOX/GH2 swirl-coaxial
injection element, beginning with water/GN2 cold flow experiments at ambient
conditions. Although Rahman focused extensively on droplet characterization with inert
and reacting propellant, some qualitative observations of intact-length features were
made for just swirling water flow.

Rahman fabricated a geometrically doubled- scaled injection element to help
determine similarity relations. Rahman chose the Weber number based on the predicted
film thickness to define similarity between the two element sizes. In order to maintain
the same Weber number in the double scale element, the total injection velocity was
lowered by way of the mass flow rate. Rahman observed that the two spray fields gave
approximately the same breakup lengths when normalized by the nozzle film thickness.
The issuing free cone spray angles were also deemed equal. Element testing was only

conducted at design mass flow rate and atmospheric gas pressures.

1.3.2.2 Film Thickness and Free Cone Spray Angle

Swirl design methods use average film thickness and free cone spray angle as

‘cornerstone’ values in the swirl injector sizing process. These values are based on
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injector operation at full flow conditions. This section will look at findings for film
thickness and free cone spray angle behavior since they are commonly related to each
other. A more detailed review on the inner swirling flow itself is presented in a following
section.

Simmons and Harding [51] derived a semi-empirical relation for film thickness as
a function of geometric and operational parameters. This relation is given as

Equation (1.16), with all variables being in units (kg-m-sec-Pa).

m,

t =0.00805
NAPD, cos(6/2)

(1.16)

This relation was derived for the full flow operating point of a given swirler and neglects
effects from changing injection pressure drop.

Lefebvre and Rizk investigated the film thickness and free cone spray angle
changes with swirler geometry and operation [52]. Semi-empirical derivation was first
used to find a relation between free cone spray angle, film thickness, and swirler

parameters. This relation is given as Equation (1.17).

2 1270, 1, 4
cos(gj = sl A; (1.17)
2 7p,D, APt*(1— X)

In Equation (1.17), the empirical constant of A/B was found to be 400 for liquid sprays
issuing into atmospheric environments. X is the ratio of the gas core area to the nozzle

area. It is defined by Equation (1.18) for circular cross sections.
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X:(D"_ztj (1.18)

Equation (1.19) shows that this ratio is also related to the area fullness coefficient.

azl—(R”_tj =1-X (1.19)

Using work performed by Giffen and Muraszew [53], Rizk and Lefebvre derived

Equation (1.20) as an additional expression for the free cone spray angle.

(COS(QJJ = =X (1.20)
2 I+ X

Equations (1.17) and (1.20) were set equal to each other and solved for the film thickness

at the injector tip

2 _ 1560, 1+ X

PDAP (1 X) (1.21)

Equation (1.21) gave good agreement when compared with experimental data from a
number of atmospheric tests. Since Equation (1.21) was noted as having to be implicitly

solved for film thickness, the form was empirically replaced by Equation (1.22).
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Y 025
‘= 3.66(%) (1.22)
P

Equation (1.22) showed good agreement with the compared experimental results, while
also having the benefit of being explicit in film thickness. The empirical constant of 3.66
was later suggested to be changed to 2.7 [54], in order to account for averaging effects of
film thickness measurements.

Suyari and Lefevbre looked experimentally at the film thickness for a simple swirl
injector, with emphasis on developing newer theoretical models. Using the work by
Giffen and Muraszew [53], along with work discussed previously by Rizk and Lefevbre
[52], Suyari and Lefevbre [54] derived the following expression for the ratio X that was

defined as Equation (1.23).

N7 DD (1-x)
0.09% /DS _(=X) (1.23)

1+ X

This expression defined the ratio X, and the corresponding film thickness, as
being functions solely of swirler geometry. Film thickness measurements were obtained
by placing two electrodes within the swirler nozzle. The swirling flow of water made
contact with the electrodes, creating a closed circuit. As the film thickness grew or
shrank, the amount of voltage across the two electrodes needed to maintain a constant
current was measured. The change in voltage was then calibrated to certain levels of film

thickness. Using this technique, the film thickness was measured over a variety of

32



swirler mass flow rate (up to 2.02 gm/s) and tangential slot diameters (0.76 mm to
1.35 mm). The experimental results collected were compared to Equations (1.16) and
(1.22) for prediction accuracy. Equation (1.22) showed excellent agreement to the data,

while Equation (1.22) showed less satisfactory results.

1.3.2.3 Spray Angle

Figure 1.8 shows three kinds of spray angles defined by Hulka and Makel [33],
also defining what variables influence these angles. The free cone spray angle
represented in Figure 1.8 as the oxidizer free swirl angle, &, has been discussed
previously as being a function of internal swirl injector geometric and flow properties.
These properties include internal film thickness, injector pressure drop, and nozzle
diameter. The free cone spray angle is considered not a direct function of chamber
pressure. The momentum angle, ¢, is a function of the interaction between the swirling
liquid sheet and the coaxial gas. The spray angle,#, is a function of the upstream free
cone spray angle, chamber pressure, and the injected liquid momentum. Hulka and
Makel noted that this angle is influenced by gas entrainment as the swirling spray moves
downstream of the injector. This gas entrainment causes the spray to decrease in overall
cone angle relative to the free cone spray angle.

DeCorso and Kemeny studied the effects of ambient gas pressure on swirling
flows at fuel flow rate up to 0.11 kg/s [55]. The spray was issued into a high-pressure

tank limited to ambient nitrogen gas pressures up to 0.79 MPa.
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Figure 1.8 Swirling spray angles within a pressurized chamber [33]

(Reprinted with permission)

The radial spray pattern was measured with an angled mechanical patternator at
113 mm downstream of the injector tip. Measured spray angles were normalized by the
spray angle values at the same flow rate and atmospheric conditions. The collapsed data
showed a trend of decreasing normalized spray angle with the increase of the variable

APp"S, where AP is the injection pressure in psi and p is the ambient gas density in

Ibm/ft’.
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Dodge and Biaglow [56] researched the influence of ambient gas temperature and
pressure on a fuel swirl atomizer with a design free cone spray angle of 80 deg. The test
chamber consisted of a large stainless steel pipe with quartz windows mounted on the
walls for optical access. Air was the ambient gas, with the operating range of up to
1090 K and 1.62 MPa. The swirler mass flow rate was kept at a constant, full flow value
for the majority of experimentation. Downstream cone angles were measured at 9.9 mm
away from the nozzle exit. The data showed that the air temperature has very little effect
on the chamber angle, with only the ambient gas pressure showing any real influence.
The chamber angles were correlated with the ambient gas density and referenced from
the measured spray angle at atmospheric conditions. This correlation is given as

Equation (1.24).

0 -79.8-00918 L= (1.24)
P

Pe 1s the ambient gas density and pg, is the ambient gas density at atmospheric conditions.
Ortman and Lefebvre investigated the effects of liquid injection pressures and
ambient gas pressures on the radial distribution from a liquid swirler [57]. Radial
patternator studies were conducted with a number of simplex swirl atomizers that were
flowed within a pressurized cold flow facility. The ambient gas pressures were ranged
from atmospheric up to 0.7 MPa, and swirl injectors used ranged in liquid flow rate from

1.8 to 3.0 gm/s. The authors agreed with DeCorso and Kemeny that APp" normalized
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chamber angle data for similar test conditions. Ortman and Lefebvre also found that as
the ambient gas pressure was increased towards 0.7 MPa, the change in chamber angle
diminished, implying a limit from ambient gas pressure influence. This observation was
later confirmed qualitatively by Hautman for swirl-coaxial injectors at liquid flow rate up
to 1.8 kg/s and ambient gas pressures up to 3.6 MPa [58].

No coaxial gas flow is considered in this work, so the momentum angle defined
by Figure 1.8 is not considered. The free cone spray angle is considered the theoretical
angle predicted from a given swirl injector element design method. The spray angle in
Figure 1.8 is considered the measured angle in this work. Differences between the free

cone spray angle and the measured spray angle will be addressed in this work.

1.3.3 Internal Flow

The internal flow structure of the swirling liquid consists of both interior
tangential and axial velocity components, and the film thickness. The vector angle
between the tangential and axial velocity components is defined as the helical angle.
Traditional swirl design methods do not factor in any spatial changes in film thickness,
velocity components, or helical angles along the swirl vortex chamber and nozzle lengths.
However, experimental measurements have shown the internal structure of swirling flows
do change along the swirl vortex chamber and nozzle lengths. Bazarov [20], Hutt [31],
and Cooper and Yule [38], have suggested several flow effects to explain these spatial

changes, discussed in the subsections below.
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1.3.3.1 Flow Striations

Hutt observed that the film thickness profile exhibited spatially stationary
variations along the nozzle length [31]. These variations have been also documented by
Cooper and Yule, who showed a decrease in helical angle as one moved axially
downstream in the vortex chamber [38]. The film thickness also exhibited changing
values with vortex chamber axial station, giving a helical structure that was related to the
number of tangential slots. For the swirler in Cooper and Yule’s work, the number of
tangential slots was either two or eight, which gave a helical structure of either two or
eight striations on the liquid surface, respectively. These striations were spatially
resolute, as determined by high speed video observations. Figure 1.9 gives a notional
diagram of how these striations are formed from an injector with three tangential inlet

slots.

1.3.3.2 Viscous Effects

Both Hutt’s and Yule’s work showed that viscous losses influence the flow such
that inviscid theory needs correction to properly predict internal helical angles and film
thickness. Increasing the swirler length, whether in the vortex chamber or nozzle, will
further increase friction losses and reduce helical angles while increasing inner film
thickness. Bazarov’s swirling flow relations have considered the effect of wall viscosity

on the liquid swirling flow as a global increase in the average film thickness value [20].
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However, Bazarov’s viscous effects treatment does not define the spatial change of film

thickness profile due to viscosity.
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Figure 1.9 Internal swirling flow profile with flow striations
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1.3.3.3 Skobelkin Effect

Hutt’s [31] and Cooper and Yule’s [38] measurements have shown that as the
flow approaches the nozzle exit, the local film thickness values decreases on order of
20% relative to the average film thickness along the nozzle. Bazarov explains that the
film thickness decreases close to the nozzle exit is due to the Skobelkin effect [20]. As
the flow reaches the exit, the energy associated with the centrifugal pressure is transferred
to the axial momentum of the flow, increasing axial velocity and decreasing the liquid

flow area due to continuity. As the flow area decreases, the film thickness decreases.

1.3.3.4 Flow Criticality

Both Yule’s and Hutt’s works showed that the helical structure of the swirling
flow is spatially stationary. Hutt has claimed that the flow reaches a supercritical state
within the vortex chamber [31]. The accepted measure of the flow’s criticality is the
local Froude number. This number is a ratio between the axial mean velocity and the
surface wave speed along the inner vortex core. Much like the Mach number, a flow is
supercritical when the Froude number is greater than unity, and subcritical if the Froude
number is less than unity.

Discussions of supercritical flows in literature focus on open-channel flow
through weirs [44]. However, some work does exist for flows down cylindrical tubes. A
large portion of this work is from Binnie [39], [40], [41], [42], [43], who looked at

swirling water flow down clear plastic tubes of varying geometry. Swirl was imparted to
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the water by two tangential entry ports at the tops of the cylindrical tubes. Initially,
Binnie derived the tangential and axial wave speeds for a disturbance propagating along
the inner gas core [39]. These wave speeds were used to define the Froude number for
the axial and tangential mean velocities. Binnie related the wave speeds to the mode
number of the tangential and axial disturbances, and found that the swirling flow will
assume an n-threaded helical structure for n tangential modes.

By his calculations, Binnie showed most of his experimental flows were
introduced at a supercritical state [40], [41], [42], [43]. As the mean velocity components
were reduced due to friction, the flow transitioned from a supercritical to subcritical.
This situation is analogous to Fanno flow for gas motion in pipes [44]. This transition is
seen visually as a hydraulic jump, common in open-channel flows [44]. A sudden
increase and wider spatial variance in film thickness is associated with these jumps.
Binnie used a number of methods to create a hydraulic jump in the flow, including adding
a 90° bend at the end of the pipe. This bend created a flow resistance to the axial
velocity. At lower mass flow rate, a hydraulic jump was formed inside the vertical
section of the pipe upstream of the bend. The structure consisted of a swirling vortex,
then a jump where a large increase of film thickness was recorded. Static wall pressure
taps measured a large increase in fluid pressure at the jump location. Downstream of the
jump, the flow structure became helical and spatially stationary. However, the jump
moved downstream around the bend and was eventually ‘pushed out’ of the pipe above a
certain mass flow rate.

Sarpkaya [45] qualified hydraulic jumps as vortex breakdown ‘bubbles.” Once

these bubbles were established, the flow upstream remained relatively insensitive to
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downstream changes; much like a shock wave created within a converging-diverging
nozzle. Generally, for low circulation (or tangential velocity component), increasing the
Reynolds number moved the vortex breakdown bubble upstream. For a fixed Reynolds
number, lowering circulation worked to move the breakdown downstream, and vice-
versa.

Historical swirling flow research has not considered ambient pressure effects on
vortex breakdown formations, but a more recent review done by Shtern and Hussain [46]
makes the following observation: moving the swirling flow against an axial pressure
gradient can require pressure recovery via a vortex breakdown because the vortex core
pressure along the vortex centerline is less than the ambient pressure. The swirling
motion of the flow creates a radial pressure gradient, causing the centerline static pressure
along the vortex to be less than ambient pressure. The centrifugal force created by
tangential momentum balances this radial pressure gradient. For a fixed amount of total
flow momentum, more tangential momentum needed to balance out the radial pressure
gradient means less axial momentum available to move the flow against the axial
pressure gradient. The axial pressure gradient can increase with increasing chamber
pressure and potentially cause axial flow recirculation within the liquid flow. This axial
flow recirculation is considered the vortex breakdown phenomenon. Thus, the possibility

of vortex breakdown existence in a swirl injector element is a primary topic in this work.
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1.4 Research Plan

Much material has been covered in this chapter, so it is useful to review the
conclusions made in preparation for defining a cohesive research objective. This work’s

research objective and the associated research plan will be presented in this section.

1.4.1 Review of Findings

With respect to the material reviewed in this chapter, findings are as follows:

e Liquid rocket engine (LRE) performance is extremely sensitive to the quality for
the propellant injection and combustion process within the LRE thrust chamber
[3].

e While a full-scale LRE injector consists of many injection elements, typical
injector designs are begun by focusing on a single element. Therefore, it is
essential to understand the single element’s behavior prior to assembling multi-
element injectors [17].

e Test and development procedures for LRE single elements can include a
preliminary series of cold flow studies to assess injector spray features. These
spray features influence the behavior of the reacting flow field [30].

e A common propellant combination used for high thrust engines is LOX/GH2.

Historical LOX/GH2 injection elements have been shear — coaxial. This element
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type has a large heritage of research work that can be drawn from to aid in
element design [31].

e Relative to shear — coaxial elements, swirl — coaxial elements has a smaller
research history. The design features of interest for a swirl — coaxial spray, which
are grounded in the fluid mechanics of the liquid swirl process itself, are based on
data from low pressure, low mass flow rate experiments. The influence of high
ambient pressures and varied mass flow rate on internal and external swirl

features needs to be investigated.

1.4.2 Statement of Problem

This work investigates both internal and external spray features of a liquid swirl
injector as a function of varying ambient pressure and liquid flow rate. Film thickness
inside the injector will be measured directly through image analysis. Discharge
coefficient of the injector will be calculated from flow measurements. Sheet boundaries
and spray cone angles downstream of the injector will be measured directly through
image analysis. Ambient pressure on order of liquid rocket engine operation captures
internal and external gas environmental effects on the spray. Liquid flow rate will be
varied down to approximately 15% of the design flow rate value to represent variable

thrust engine operation.
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1.4.3 Research Approach

A dimensional analysis of the atomization process for a swirled liquid sheet has
been performed. Important independent parameters have been identified and used
to understand physical implications of changing mass flow rate and chamber
pressure.

A swirl element has been designed, fabricated, then tested in a high-pressure cold
flow chamber. Steady and unsteady phenomena have been measured and
analyzed with respect to spray features reviewed earlier.

Empirical correlations describing the behavior of measured spray features have
been developed using the results from the dimensional analysis.

The design methodology used to design the swirl injector has been revisited and
updated to include several new parameters. These parameters have been
identified in the literature as relevant to swirl injector flows and offer increased
fidelity to the design methodology. The results from this work have been
assessed using the updated design methodology, and the implications assessed for

the swirl injector design engineer.

44



CHAPTER 2

EXPERIMENTAL HARDWARE AND DIAGNOSTICS

2.1 Cold Flow Facility

The Water/Nitrogen Injector Spray Test Rig (WNIST), was selected for this work.
It is located at the East Test Area of NASA Marshall Space Flight Center. WNIST uses
cross country nitrogen gas (GN2) feed lines to operate hardware, pressurize the water
supply tank, and pressurize the chamber. Figure 2.1 shows a picture of WNIST, with an
associated profile view. The injector was fed from a 0.13 m® water run tank. The water
tank can be pressurized using a GN2 feed line, giving water mass flow rate up to
0.45 kg/s. The water flow rate can be measured by a volumetric flow meter. The water
fluid circuit from the supply tank to the chamber was monitored by several pressure
transducers. All water temperatures were measured by type K thermocouples. The water
flow rate was controlled by a variable position valve (VPV), which was pneumatically

actuated by a current to pressure transducer. The water VPV, along with all other
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actuated hardware, was remotely controlled in real-time by a Labview interface. An
additional GN2 feed line supplied simulant gas for coaxial injector tests, but was not used

in this work.

o

Water Inlet

_- Injector /
Spray

Windows

Exhaust

Figure 2.1 (a) WNIST facility and (b) WNIST operation schematic

The injected water spray entered a chamber pressurized by GN2 feed lines
attached to port windows mounted opposite each other. These feed lines also acted to
dry, or ‘purge,’ the chamber windows of any water splatter. The GN2 supply was heated
in a hot water bath prior to reaching the windows. The system could raise the GN2
temperature up to about 100°C to counteract against Fanno flow cooling. The chamber

pressure could be regulated up to 9.65 MPa, but only 4.83 MPa was used in this work.
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Chamber and window purge pressures and temperatures were monitored by static
pressure transducers and type K thermocouples, respectively. The combination of water
and GN2 was exhausted through a set of VPV’s. These valves were controlled in real
time by a feedback loop to maintain a desired chamber pressure. After passing through
the exhaust lines, the water/GN2 mix was vented outside of the facility building.
Appendix A describes the operating procedure for the WNIST facility in detail.

All measurements were recorded electronically through an acquisition program.
This program recorded data at 50 samples / sec, allowing for calculations of standard
deviations and measurement repeatability. Using the measurement accuracies and
repeatabilities, the systematic and random uncertainties were calculated and the total
uncertainty for each measurement was found using methods outlined by Coleman [59].
The measurement uncertainty analysis is given in Appendix B, and the results are
summarized in Table 2.1 for 95% confidence intervals. Optical diagnostic methods used
during this work had their own uncertainty, and are presented in a case-by-case basis later

in the next two chapters.

2.2 Swirl Injector Design

The swirl injector operating parameters were chosen to mesh with WNIST’s
capabilities. WNIST can provide up to 0.45 kg/s of water at atmospheric conditions, but
running at this flow rate would only give five minutes of flow time from the run tank. An
injector flow rate of 0.09 kg/s was chosen to allow approximately 25 minutes of run time

before the run tank emptied. The design free cone spray angle was set at 50 degrees to
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reduce spray impingement on the chamber walls, but still give a wide enough spray as to

be able to image properly.

Table 2.1 WNIST measurement nominal ranges and uncertainties

Nominal Accuracy Repeatability Total
Measurement Device Range (Systematic (Random Uncertainty
9 Uncertainty) Uncertainty) (2U)
0.03-0.32
Volumetric Flow - Safe m*/hr 2% 0.9% 4.39%
Flow Rate Flow Meter (0.01-0.1 of reading of reading of reading
kg/s)
Temperature Omega Type K -200°C - 0.75% 0.14°C 0.46° C
P Thermocouple 1250° C of reading (max) (max)
Static Pressure Setra Pressure 0.10-10.34 0.1% Reading 0.013 MPa
Transducer MPa of reading Dependant (max)
Pressure Setra Pressure 0.10-10.34 0.1% Reading 0.016 MPa
Difference Transducer (2x) MPa of reading Dependant (max)

Figures 2.2, 2.3, and 2.4 show the internal and external operation of a swirling

liquid sheet steadily issuing into a quiescent gaseous environment. The variables used to

describe geometric, fluid, and flow features are listed in Tables 2.2 through 2.5.

The design processes for the swirl injection element are outlined in Appendix C.

Both design procedures of Bazarov [20] and of Doumas and Laster [21] were used to size

geometric features and pr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>