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Liquid jets injected into gaseous crossflows have been extensively investigated
in the literature due to their wide range of applications, such as ramjet/scramjet
fuel injectors, gas turbine combustors, and the agriculture industry. The available
studies have mainly focused on investigating primary breakup regimes, jet
trajectory, penetration, fracture length, droplet features, formation mechanisms,
and droplet distribution in the liquid jet’s far-field region at standard temperature
and pressure (STP) conditions. This work aimed to design and manufacture a
test system to investigate the characteristics of liquid jets in subsonic crossflow
at high temperature and standard pressure (HTSP) and high temperature and
pressure (HTP) conditions. The test system was specifically designed to house
high-speed shadowgraphy and Phase Doppler Particle Analysis (PDPA)
measurement systems, and preliminary tests were conducted using the high-

speed shadowgraphy system. Moreover, JP-10 was used as a test liquid of jet



injected into gaseous crossflow, which was not used in the open literature before.
In shadowgraphy tests, normalized values of jet penetration’s length and height
with jet diameter were measured and found to be between 38 and 124 and
between 24.6 and 49.4, respectively, under 2 bar and 493.15 K crossflow
conditions. An essential parameter for PDPA measurements, the attenuation
coefficient for JP-10 was measured and found to be between 0.00871 and 0.0115
mm-'. The developed test system is a valuable contribution to TUBITAK SAGE’s
infrastructure, enabling more comprehensive studies about developing related

propulsion systems in the near future.

Keywords: PDPA, shadowgraphy, JP-10, liquid jet in subsonic crossflow, high

temperature, high pressure.



OZET

SESALTI YANAKIS ALTINDAKI BIR SIVI JET TEST DUZENEGININ
TASARIMI VE ON TESTLERI

Ali KILICKAYA

Yiiksek Lisans, MAKINE MUHENDISLIGI Boliimii
Tez Danigmant: Prof. Dr. Murat KOKSAL

Mayis 2024, 136 sayfa

Gaz halindeki yanakiglara enjekte edilen sivi jetler, ramjet/scramjet yakit
enjektdrleri, gaz tlrbini yanma odasi ve tarim endistrisi gibi ¢ok sayida
uygulamaya sahip oldugundan literatirde kapsamli bir sekilde arastiriimistir.
Mevcut calismalar temel olarak birincil kirilma rejimlerini, jet egrisini,
penetrasyonunu, kirllma  uzunlugunu, damlacik O&zelliklerini, olusum
mekanizmalarini ve standart sicaklik ve basing (STP) kosullarinda, sivi jetin uzak
alan bdlgesindeki damlacik dagihmini arastirmaya odaklanmistir. Bu galismanin
amacil, yuksek sicaklik ve standart basing (HTSP) ile yuksek sicaklik ve basing
(HTP) kosullarindaki sesalti yanakisa enjekte edilen sivi jetinin ozelliklerini
arastirmak igin bir test sistemi tasarlamak ve Uretmektir. Test sistemi, yuksek hizl
golgegrafi ve Faz Doppler Parcacik Analizi (PDPA) 6lgum sistemleri ile dlgim
alinacak sekilde tasarlanmis ve yuksek hizli golgegrafi sistemi kullanilarak on
testler gergeklestiriimistir. Ayrica, gaz yanakisi Ustline puskurttlen jetin test sivisi

olarak, acik literatirde daha 6nce bu tarz galismalarda kullaniimayan JP-10
ii



kullaniimistir. Golgegrafi testlerinde jet penetrasyonunun jet c¢apina goére
normalize edilmis uzunluk ve ylkseklik degerleri dlgilmus ve 2 bar ve 493.15 K
yanakis kosullarinda sirasiyla 38 ile 124, ve 24.6 ile 49.4 arasinda bulunmustur.
PDPA olgumleri i¢cin dnemli bir parametre olan JP-10'un zayiflama katsayisi
olgllmis ve 0.00871 ile 0.0115 mm™' arasinda bulunmustur. Geligtirilen test
sistemi, TUBITAK SAGE'nin altyapisina degerli bir katki vererek, yakin gelecekte
ilgili itki sistemlerinin geligtiriimesi konusunda daha kapsamli calismalar

yapillmasina olanak saglayacaktir.

Anahtar Kelimeler: PDPA, golgegrafi, JP-10, sesalti yanakig altinda sivi jet,
yuksek sicaklik, yuksek basing.
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1. INTRODUCTION

1.1. Introduction

Ramijet is an air-breathing engine for supersonic applications such as air-to-air
missiles, cruise missiles, and afterburners of jet aircraft. It has no moving parts
and only has an inlet, a combustion chamber, fuel injectors, an igniter (or flame
holder), and a converging-diverging nozzle [1]. A schematic view of a ramjet

engine is given in Figure 1.1.

Inlet Fuel injection Nozzle

(M=>1) tlame holder (M=1)

Compression Combustion Exhaust
(M<1) chamber (M>1)

Figure 1.1. Schematic view of a ramjet engine [2].

As shown in Figure 1.1, the airspeed at the inlet of the ramjet is at supersonic
conditions. It is compressed at the compression section of the engine, and its
pressure increases while the velocity goes below the speed of sound. After the
air is compressed and its speed is subsonic, the liquid fuel is injected through
injectors placed perpendicularly on the engine's walls to incoming air. Then,
mixed air fuel is ignited in the flame holder region and continues to burn after this
region. Afterward, the burnt gases go through the converging-diverging nozzle
section. In the converging section of the nozzle, the subsonic exhaust gases are
speeded up to Mach 1 at the nozzle's throat. After the throat and in the diverging
section of the nozzle, the velocity goes beyond Mach 1, in other words,
supersonic velocities. Finally, the supersonic exhaust gases exit the nozzle, and

the trust is obtained.



For the injection section of the engine, as was expressed above, the injectors are
placed on the wall of the engine, and they inject the liquid fuel perpendicularly to
the incoming air at subsonic conditions. In literature, the keyword for this type of
application is the liquid jet in subsonic crossflow. In the context of this thesis, the

liquid jet in subsonic crossflow was investigated.

1.2. Literature Review

Injectors are widely used technology in diverse applications, such as agriculture
(disinfection of plants), home appliances (showerheads), automotive (fuel injector
of internal combustion engines), the painting industry, energy, furnaces, and
aerospace (gas turbines, ramjet/scramjet). Their characteristics have not been
fully understood, and no exact analytical or numerical solution exists for their
applications. Therefore, they still require deep research to understand the flow

characteristics and develop more efficient systems.

Injectors can be categorized into four main categories which are pressure
atomizers, rotary atomizers, twin-fluid atomizers, and other types of atomizers [3].
Table 1.1 and Figure 1.2 give examples of these atomizers and a schematic view

of some.

Table 1.1. Atomizer types [3].

Pressure atomizers Rotary atomizers | Twin-fluid atomizers Other Types
Plain orifice Electrostatic
Pressure-swirl (simplex) Ultrasonic
Rotating disk Air-assist
Square spray Sonic (whistle)
Duplex Windmill
Dual orifice Vibrating capillary
Air-blast
Spill return Rotating cup Flashing liquid
Fan spray Effervescent atomization
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Figure 1.2. Schematic view of atomizers (a: pressure atomizers, b: rotary

atomizers, c: twin-fluid atomizers) [3].

Pressure atomizers transform high pressure to kinetic energy in a small aperture
[3]. This small aperture is a circular orifice for plain orifice atomizers, as shown in
Figure 1.2. The applications of the pressure atomizers can be given as injectors
of ramjet or internal combustion engines (plain-orifice), the injectors of turbojet or
rocket engines (simplex or spill return), the showerheads (plain-orifice), the
atomizers of the gas turbines (duplex), the atomizer of disinfection devices for

agriculture (fan spray), etc.

Rotary atomizers inject a jet into a high-speed rotating disk or cup, and it goes
through the perimeter of the rotating element. At the periphery of the component,
the liquid leaves the part at a high speed [3]. This type of atomizer is generally

used in paint lines, spray dryers, and other industries.

Twin-fluid atomizers consist of air assist and air blast atomizers. In air-assist
atomizers, the liquid supplied to the atomizers is broken up by air provided to the
atomizers at high pressure, and droplets are produced at the exit, injected to a

distance by the air. The air blast atomizer works similarly to air assist atomizers,
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and the only difference between them is the air assist atomizers use a small
amount of air at very high velocities, and the air blast atomizers use large
amounts of air at much lower velocities when compared to air assist atomizers
[3]. They are generally used in gas turbines and industrial furnaces since they

create fine atomization when compared to pressure atomizers.

There are also other types of atomizers, which are electrostatic, sonic (whistle),
windmill, vibrating capillary, flashing liquid, and effervescent atomization [3].
Electrostatic atomizers use electric pressure to break up the liquid jet, and their
application can be given as spray drying, acid etching, paint spraying, and printing
[3]. In ultrasonic atomization, the liquid is supplied to a transducer that vibrates at
ultrasonic frequencies, and very fine droplets are created; the application of this
type of atomizer is medical sprays and humidification [3]. The information about

other types of atomization can be found in [3].

In the context of this thesis, two different test setups for the experimental
investigation of a liquid jet in subsonic crossflow were designed, manufactured,
and using a plain orifice injector as a pressure atomizer; preliminary testing was
carried out with shadowgraphy as a flow visualization method. A schematic view
of a liquid jet in subsonic crossflow is given in Figure 1.3. The literature on the

topic is presented below.

A liquid jet coming out of the injector is given in Figure 1.3. goes through two
different breakup mechanisms, which are surface breakup and column breakup.
Surface breakup occurs at the jet's periphery region due to the crossflow's high
aerodynamic force. Column breakup can go through two consequent processes:
primary and secondary. In the primary breakup process, the liquid jet or column
coming out of the injector breaks into ligaments and bigger droplets due to axial
and hydrodynamic instabilities. These ligaments and bigger droplets break into
smaller droplets in the secondary breakup process. The breakup process

continues until the force is balanced between droplet surface tension and
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aerodynamic forces. As a result, the spray is created in the far-field region of the

injector. This process can be seen in Figure 1.3.

Lt

Spray Plume

Column Droplets
Breakup Paint \

Liquid -?’ a !
: _ o
Column _. _‘ﬁ? 00

lg

Ligaments

Surface Breakup

Vi

Figure 1.3. Schematic view of liquid jet in subsonic crossflow (ug and vj represent

crossflow and jet velocities, respectively) [4].

Since the open literature is abundant in works in liquid jets in subsonic crossflow,
experimental studies were given priority, excluding evaporating, and reacting
flows. Also, the review was grouped using the methodology followed by M.
Broumand and M. Birouk [4]. In a review paper by M. Broumand and M. Birouk
[4], liquid jet in a gaseous crossflow has been investigated in four main parts as

follows:

1- Liquid jet primary breakup regimes: The jet coming out of the injector goes

through two subsequent processes, which are primary and secondary breakup.

In the primary breakup process, the liquid jet breaks as column (ligaments),

known as column breakup, and from its surface, known as surface breakup. In

this process, some regimes occur in which one of the breakup modes, surface or
5



column breakup modes, is dominant or both modes are active, known as mixed
mode, or other modes are active. These modes are defined by non-dimensional
parameters of the flow, such as gas or jet Weber number, which is the ratio of the
gas or jet inertial forces to surface tension forces of the jet, jet to crossflow
momentum flux ratio, and Reynolds number of jet or crossflow. Details of these
regimes can be found in [5-18] for non-turbulent liquid jets and in [19-27] for
turbulent liquid jets. An example of the regimes can be seen in Figure 1.4, taken
from [4].

Figure 1.4. Primary breakup process of a non-turbulent liquid jet in a gaseous
crossflow where gas Weber numbers are 0 (no breakup), 3 (capillary
breakup), 8 (bag breakup), 30 (multimode breakup), and 220 (shear

breakup) for a, b, c, d, and e, respectively [4].

2- Liquid jet trajectory and penetration: the jet's maximum trajectory and
penetration into gaseous crossflow can be seen in Figure 1.3 (solid and dashed
lines). It is one of the most critical aspects of the liquid jet in gaseous crossflow
since it affects the droplet distribution and prevents impingement of the spray to
the wall. The detailed information can be found in [5, 9, 14, 16, 27-40] for standard
temperature and pressure (STP) conditions, in [8, 16, 17, 41-43] for standard
temperature and high pressure (STHP) conditions, in [15, 32, 35, 40] for high
temperature and standard pressure (HTSP) conditions, in [19, 44-47] for high
temperature and pressure (HTP) conditions. Correlations for jet penetration are

given in Tables 1.2 and 1.3 for HTSP and HTP conditions, respectively.



Table 1.2. Correlations for jet penetration at HTSP conditions in the literature [4].

Correlation q We, x/dj T, [K] Reference
Z _ 5 ez0g02 X 0390W o088 (M0 18 - 1.3- 0- 291 - Stenzler et
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where p,, is the dynamic viscosity of the water at 20 °C, T, is the reference

temperature, and its value is 294 K.

Table 1.3. Correlations for jet penetration at HTP conditions in the literature [4].
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where u,, is the dynamic viscosity of the water at 20 °C, T, is the reference

temperature, and its value is 280 K.

3- Liquid jet breakup length: it is the length where the first column breakup point
occurs, and it can be seen in Figure 1.3 as the column breakup point. It has two
parts: one is column breakup distance, which is defined as the distance between
the jet exit center of the injector and the column breakup point’s projection parallel
to the crossflow, and the other is the column breakup height, which is defined as
the distance between jet exit center of the injector and the column breakup point’s
projection perpendicular to the crossflow. The detailed information can be found
in[5, 7-9, 11, 20, 23, 26, 27, 33, 36, 38, 39, 41, 44, 46, 48-50] for column breakup
distance and in [5, 9, 11, 20, 23, 27, 33, 38, 39, 41, 44, 46, 48, 50] for column
breakup height.

4- Droplet features and formation mechanisms: as explained before, two
consequent processes occur for the liquid jets in gaseous crossflow, which are
primary and secondary breakup. The primary breakup process occurs at the near
field region of the liquid jet, and detailed information can be found in [7, 12, 21,
23, 24, 26, 51]. The secondary breakup occurs at the far-field region of the liquid
jet, and the droplet distribution occurs because of the secondary breakup. For the
far-field region, the works that use PDPA as a flow visualization method can be
found in [9, 17, 29, 52-56]. Other works related to the far field region can be found
in [4].

The works related to the PDPA used as a flow visualization method are given
below. It was seen that JP-10 was not used as a test liquid for the liquid jet in any
of these works. JP-10 is a jet fuel developed mainly for military use in missiles at
low temperatures (freezing point: -79 °C) and is a single-component synthetic
fuel. It has more energy density when compared to traditional petroleum-based
fuels, e.g., JP-8 (Jet-A). Still, it is costly, making it unattractive to use in other

applications, such as fuel for aircraft.



Inamura and Nagai [53] investigated jet breakup images and spray behavior
(droplet size, velocity, and mass flux distributions) experimentally at STP
conditions using PDPA and high-speed cameras as flow visualization methods
and water as test liquid. They found that droplet diameter reaches its maximum
in the peripheral mixing region at low crossflow velocity and in the core region at
high crossflow velocity. Also, it is pointed out in the study that the maximum
droplet velocity is reached in the peripheral mixing region for the whole crossflow

velocity range.

In another study conducted by Wu et al. [54], jet penetration and spray behavior
(droplet size, velocity, and volume flux distributions) were studied experimentally
at STP conditions using PDPA as a flow visualization method and water as a test
liquid. They discovered that the droplets penetrate further into crossflow at high

jet-to-crossflow momentum flux ratios.

Rachner et al. [52] investigated jet penetration and droplet size distribution
experimentally and numerically at STHP conditions (6-9 bar) using PDPA and
high-speed cameras as flow visualization methods and Kerosene Jet A-1 as test
liquid. In the study, a comprehensive model of liquid jet atomization in crossflow
is presented, and it is validated by comparing the model outputs with
experimental results. They think that the model presented is a valuable tool for
seeing the effects of design modifications of a given configuration for the Lean

Premixed Prevaporized combustion concept.

Furthermore, Tambe et al. [9] investigated breakup modes (column, mixed, and
surface breakup), breakup location, jet penetration, and spray behavior (droplet
size and velocity distributions) experimentally at STP conditions using PDPA and
high-speed cameras as flow visualization methods and water, Jet-A and N-
Heptane as test liquids. They found that droplet sizes decrease by increasing the
crossflow velocity while penetration increases by increasing the injector diameter

or momentum flux ratio. They also found that the droplet size reaches its
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maximum in the spray core region at low momentum flux ratios and in the

periphery region at high momentum flux ratios.

Lubarsky et al. [55] investigated spray behavior (droplet size and velocity
distributions) experimentally to investigate the effect of Weber number at high
temperature (555 K) and high pressure (4 atm) (HTP) conditions using PDPA as
flow visualization method and Jet-A as test liquid. They found that the larger
droplets produced at low crossflow velocity and penetrated further into crossflow,
and the smaller droplets produced at high crossflow velocity. They also showed

a double peak distribution of droplet size at low crossflow velocity.

In another study conducted by Farvardin et al. [29], breakup modes, jet
penetration, and spray behavior (droplet size, velocity, and volume flux
distributions) were studied experimentally to compare biodiesel and diesel jets at
STP conditions using PDPA and high-speed cameras as flow visualization
methods. They found that breakup regimes and trajectory differed greatly for

biodiesel blends and attributed this to biodiesel's high viscosity.

Finally, Song et al. [17] investigated breakup modes, jet penetration, and spray
behavior (droplet size distribution) experimentally, focusing on the impact of
surrounding air pressure at STHP conditions (2.07 - 9.65 bar) using PDPA and
high-speed cameras as flow visualization methods and Jet A-1 as test liquid.
They showed that spray can penetrate further into crossflow by increasing
crossflow pressure at constant momentum flux ratio and crossflow Weber

number. Moreover, they proposed a correlation for the mean drop size.

1.3. Aim and Scope of The Thesis

The injector dynamics in crossflow have not been fully understood, and there is
no exact analytical, numerical, or experimental solution for their application. They

still require deep research to develop related system efficiencies further.
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Thus, this thesis aims to design and manufacture two different test setups for the
experimental investigation of the liquid jet in subsonic crossflow for ramjet
applications using high-speed camera visualizations and PDPA and carry out
preliminary tests. The results of this thesis are also expected further to develop
TUBITAK SAGE's capabilities in this field. The main novelty of the thesis is the
consideration of using JP-10 as the jet fluid since there is no study in the open

literature regarding this fuel.

To reach the set objectives:

= Two different test setups for investigation of the liquid jet in subsonic

crossflow at HTSP and HTP conditions were designed and manufactured,

= Preliminary high-speed camera, temperature, and pressure

measurements were carried out to investigate the flow patterns.

The study's scope is limited to subsonic flow conditions within the pressure and

temperature ranges of 1.10 - 4.00 bar and 393.15 - 673.15 K, respectively.
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2. DESIGN OF THE TEST SETUP

In this section, the design of the test setups to do a test about the liquid jet in
subsonic crossflow is presented. Firstly, the information about the test facility at
TUBITAK SAGE is given. Afterward, the design requirements of the test setups
are given, and using these requirements, 1-D design calculations were performed
to find the required cross-sectional area of the test section. Then, the assemblies
of the test setups are presented, and sub-parts of the test setups are explained.
After that, computational fluid dynamics (CFD) analysis of the designed setup,
which was run to verify the design, is presented. Then, production, endurance,
and leakage tests are presented. Finally, the integration of the test setup into the
test facility is presented.

The 3-D design of the test setups is based on a test setup given in a work by
Lubarsky et al. [55]. The experimental setup used by Lubarsky et al. [55] can be
seen in Figure 2.1. The setup and its sub-parts given in Figure 2.1 were the most
explicit setup for the investigation of the liquid jet in subsonic crossflow in the
literature. Therefore, it was chosen as base of the design in the context of this

thesis.
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Figure 2.1. Schematic view of test facility by Lubarsky et al. [55].

2.1. Test Facility at TUBITAK SAGE

This section provides information about the test facility at TUBITAK SAGE, where
the tests about the liquid jet in subsonic crossflow are done. Figure 2.2 shows a
schematic view of the test facility, and Figure 2.3 presents a photograph of the

facility.
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The test facility is situated in TUBITAK SAGE, and different experimental studies
can be conducted there. In the context of this thesis, the designed and produced

test setups are placed and connected to this test facility.

In the facility, air or nitrogen can be used as test gases, heated to 400 °C, and
pressurized to 10 bar. If air is used for the tests, the maximum applicable flow
rate in test line-1 is 70 g/s, and if nitrogen is used in the system, the maximum
applicable flow rate in test line-1 is 85 g/s. Also, the system can supply different
fuels, such as JP-8, JP-10, and kerosene, and condition them (heat up or cool

down).

The air or the nitrogen is supplied to the facility via test lines from outside the
facility, and the air or nitrogen supply systems outside the facility are not given in
the thesis. There are two test lines (line 1 and line 2). Air/nitrogen is adjusted to
the desired flow rate by the control valve in line 1, passes through the heater,
which heats the flow to the desired temperature and reaches the test section in
line 1. On the other hand, line 2 connects with the outlet of the test section, and
the heated air/nitrogen that comes from the test section meets the unconditioned
air/nitrogen coming from line 2, so the temperature of the air/nitrogen coming
from the test section is cooled down. Then, the chilled flow goes through the
atmosphere, passing through the exhaust line and valve. The release valve lets
the chilled flow go to the atmosphere and pressurizes the setup. There are
measurement elements on line 1 and line 2 to measure flow rate, temperature,

and pressure, and control valves to adjust the flow rate.

On the exhaust line, a separator separates the fuel and air/nitrogen mixture
coming from the test section. The separated fuel is stored at the bottom section

of the separator, and the air/nitrogen goes through the release valve.

A conditioned fuel feeding system supplies the fuel to the injector in the test

section. The conditioned fuel feeding system can heat up or cool down the fuel
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to the desired temperature by the heating and cooling system placed in the
conditioned fuel feeding system. Also, the conditioned fuel feeding system
adjusts the fuel flow rate by the pump and vanes placed in the system. The fuel
flow rate is measured via a Coriolis flowmeter placed in the system. The system
prevents plugging the injector by filtering the fuel with the help of a 10-micron filter

placed in the system.

2.2. 1-D Design of Test Section and Test Section Area Selection

As explained in the previous section, the test facility at TUBITAK SAGE can
condition the crossflow medium between standard atmospheric temperature and
400 °C and between standard atmospheric pressure and 10 bar. In a subsonic
flow, the Mach number is below 1. Therefore, the crossflow conditions were set
in Table 2.1, considering these conditions. The aim was to choose crossflow
conditions as HTP since there is not much work at these conditions, so the
pressure and temperature below 2 bar and 393.15 K were not considered. The
pressure above 8 bar was also not considered since the maximum applicable
pressure is 10 bar for the facility. Also, the Mach number below 0.1 was not
considered due to the corresponding low velocity, and the Mach number above

0.7 was also eliminated due to the capability of the test facility.

Table 2.1. Initial crossflow conditions for 1-D design of test section.

Mach Number Total Pressure [bar] Total Temperature [K]
393.15
0.1-0.7 493.15
0.1 tal 2-5-8
(0.1 incremental) 593.15
673.15

TUBITAK SAGE'’s air/nitrogen supply, conditioning, and pressurization system
can supply 70 g/s of air and 85 g/s of nitrogen, condition, and pressurize them
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until 400 °C and 10 bar, respectively. Three primary methodologies were used to
design the test setup based on the constraints of the test facility, and they are

given below.

1. 1-D compressible flow theory
2. Empirical relations for jet penetration

3. 3-D single-phase CFD simulations

1-D compressible flow theory was used to calculate the required cross-sectional
area of the test section. After finding the required area, the empirical relations for
jet penetration were used to find the area's dimensions. Finally, 3-D single-phase
CFD simulations were done to check flow conditions inside the designed setup
using the first two methodologies. In the following sections, each of these

methodologies is explained in detail.

Considering these conditions and conditions in Table 2.1, the required cross-
sectional area of the test section is calculated and evaluated based on the 1-D

compressible flow equations with isentropic flow assumption.

In a 1-D isentropic flow, the mass flow rate equation can be given as Equation
2.1 [57].

AP 1\ (D)
My = —= ZM(1+V—M2) ' (2.1)
[T, NR 2

where m, is the mass flow rate of the crossflow, A, is the cross-sectional area of
the test section, P, is the total pressure of the crossflow, T; is total temperature of

the crossflow, y is specific heat ratio, R is individual gas constant and M is mach
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number of the crossflow. Equation 2.2 can be obtained by leaving A, term alone

on one side:

— y+1
mg/Tt |R y—-1, (2(1/—1))
_ - 2.2
A ="yrp jy<1+ > M) (2.2)

Equation 2.2 is used to find the required cross-sectional area of the test section.
Using 85 g/s mass flow rate, Equation 2.2, air's physical properties, and
conditions given in Table 2.1, the cross-sectional area of the test section was
calculated and found between 57.0 and 1588.3 mm?2. The detailed values can be

seen in Table A1.1 of Appendix 1.

By analyzing the results and considering the part's manufacturability, it was
thought that an area smaller than 600 mm2 is not easy to produce, and the jet
can hit the opposite wall with this area. Therefore, the conditions corresponding
to the area smaller than 600 mm? were removed from the test range, but further
calculations were carried out, as explained below. By leaving the P; term in

Equation 2.2 on one side, Equation 2.3 can be obtained:

— y+1
mg\/T¢ |R y—1 2)(2(1/—1))
_ a - 2.3
P, VA \/y<1+ > M (2.3)

Equation 2.3 finds the maximum total pressure that a test can be performed
corresponding to the 600 mm? cross-sectional area of the test section. Using 85
g/s mass flow rate, 600 mm? cross-sectional area of the test section, Equation
2.3, air's physical properties and conditions given in Table 2.1 (except total
pressure), maximum total pressure corresponding to 600 mm? cross-sectional
area was calculated and found between 0.761 and 5.294 bar. The detailed values

can be seen in Table A1.2 of Appendix 1.
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Considering the results above, the updated Table 2.1 (crossflow test conditions)
is given in Table 2.2 in short form. The required cross-sectional area for these
conditions was calculated and provided in the same table. The detailed values

can be seen in Table A1.3 of Appendix 1.

Table 2.2. The updated crossflow conditions (short form) for the 1-D design of

the test section.

Mach Number Total Pressure Total Required Cross-Sectional Area
[bar] Temperature [K] of the Test Section [mm?]
393.15
0.1-04 493.15
. 1.10 - 4.00 601.84 - 1588.27
(0.1 incremental) 593.15
673.15

In Table A1.3, the required cross-sectional area values are larger than 600 mm?,
meaning all these tests could be done in one test section with an area of 600
mm?2. The maximum flow rate is 85 g/s, which is the flow rate for the minimum
area in Table A1.3. Since the area is constant and 600 mm?, the required flow
rate for the conditions must be re-calculated using Equation 2.1. The required

flow rate was calculated and given in Table 2.3 as the final crossflow conditions.
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Table 2.3. Final crossflow conditions for the tests.

Mach Number

Total Pressure [bar]

Total Temperature [K]

Mass Flow rate [g/s]

393.15 42
493.15 38
2.00
593.15 34
673.15 32
0.1
393.15 84
493.15 75
4.00
593.15 68
673.15 64
393.15 83
493.15 74
0.2 2.00
593.15 67
673.15 63
393.15 85
493.15 76
0.3 1.41
593.15 69
673.15 65
393.15 85
493.15 76
0.4 1.10
593.15 69
673.15 65

The cross-sectional area of the test section was chosen and found to be 600

mm?2. The dimensions of the test section were decided by considering the

maximum penetration distance since the jet should not hit the wall. Several

correlations in the literature can be used to estimate the jet penetration distance,

given in Tables 1.2 and 1.3. The correlations presented in Tables 1.2 and 1.3

were used to find and compare maximum penetration distances, then the

dimensions of the cross-sectional area of the test section were decided.
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The related parameters are found in Tables 1.2 and 1.3 using Equations 2.4-2.17.
The following formulations and non-dimensional numbers were used to find the
penetration correlations given in Tables 1.2 and 1.3. These are the non-
dimensional numbers mostly used in the literature to develop correlations, such
as momentum flux ratio, which is the jet-to-crossflow momentum flux ratio;
crossflow Weber number, which is the ratio of the inertial forces of the crossflow
to the surface tension force of the jet, and crossflow and channel Reynolds

numbers.

The momentum flux ratio is defined as:

(2.4)

where p; is the density of the jet, v; is the velocity of the jet at the exit of the

injector, p, is the density of the crossflow and u, is the velocity of the crossflow.

The crossflow Weber number is defined as:

2.
We, = M (2.5)
o

where d; is the exit diameter of the injector and ¢ is the surface tension of the jet.

The crossflow temperature is calculated from:
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1
Tg:Tt<1+M —)

(2.6)

where T; is the total temperature of the crossflow, M is Mach number of the

crossflow and y is specific heat ratio.

The crossflow pressure is calculated from:

where P; is total pressure of the crossflow.

The aerodynamic Weber number is defined as:

The crossflow Reynolds number is defined as:

u,d;
Regng g4j
Hg

2.7)

(2.8)

(2.9)

where p, is the dynamic viscosity of the crossflow found using Sutherland’s law.
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1458 x 1076 x T,/*

_ 2.10
Ho T, + 1104 (219)
u,D
Re,, ng#g i 2.11)
g

where Re.;, is channel Reynolds number, and D, is the hydraulic diameter of the
test section, which was assumed to be circular since it was not known in the

design process.

D, = 44, /7 (2.12)

where A, is the cross-sectional area of the test section.

_ Pjvi4

" (2.13)

€j

where Re; is jet Reynolds number and y; is the dynamic viscosity of the jet.

v, = — (2.14)

where m; is the mass flow rate of the jet and 4., is the exit area of the injector.

23



wd?

Agyir = —= (2.15)
PR
Py =1 (2.16)
where R is the specific gas constant.
Uy = M \[@ (2.17)

Table 2.4 gives the jet conditions for the tests. The jet is not conditioned for the
test, so its temperature is at the ambient temperature, which is assumed to be 20
°C. Table 2.5 gives the jet's physical properties. For the test setup, three different

injectors with exit diameters of 0.4 mm, 0.5 mm, and 0.6 mm were designed.

Table 2.4. Jet conditions for the tests.

Jet Type Temperature [°C] Mass Flow rate [g/s]
JP-10 20 2
JP-10 20 3
JP-10 20 4

Table 2.5. Physical properties of JP-10.

Density [kg/m?] [58] 935.7
Dynamic viscosity [Pa.s] [58] 3.0752 x 103
Surface tension [N/m] [59] 0.031
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Using correlations and x/d; ratios given in Tables 1.2 and 1.3, Equations 2.4-
2.17, physical properties of air, values given in Tables 2.3-2.5, maximum
penetration heights were found for each condition and injector. The penetration
correlations for the 0.4 Mach cases were taken from Table 1.2 (HTSP condition
correlations table), and Table 1.3 was used for the remaining cases. The worst
case for the design was considered here, and it was seen in the calculation
results that the calculations for the injector, whose diameter is 0.4 mm, and for
the jet condition, which is 4 g/s flow rate case, is the worst case. In other words,
the worst case is the case where maximum penetration height occurs. The results
of maximum penetration height can be found in Tables 2.6 and 2.7 for this case.

The detailed values are in Tables A1.4 - A1.7 of Appendix 1.

Table 2.6. Maximum penetration height for HTP conditions when d; is 0.4 mm

and ri; is 4 g/s (short form).

z [mm)] z [mm] z [mm] z [mm] z [mm)]

M | Pi[bar] | T:[K] (Masuda) | (Bellofiore) | (Ragucci) (Li) (Eslamian)

01-| 141- |39315-| 11.76- 1310- | 15.64- | 11.44-
03 | 400 | 67315 | 6010 | 1239-25541 5999 39.37 19.40

Table 2.7. Maximum penetration height for HTSP conditions when d; is 0.4 mm

and m; is 4 g/s (short form).

z [mm)] z [mm)] z [mm] z [mm]

M | Pelbar] | Te[K] (Stenzler-1) (Lakhamraju) (Stenzler-2) (Yoon)

393.15 -

0.4 1.10 673.15

20.90 8.94 -9.52 26.78 16.56

As shown in Tables 2.6 and 2.7, correlations estimate the penetration heightin a
very wide range, and there is no consensus among them. The reason might be
that the conditions (momentum flux ratio, total temperature, total pressure, Weber
numbers, etc.) given in Tables A1.4 - A1.7 of Appendix 1 differ from those in
Tables 1.2 and 1.3. e.g., applicable ranges of momentum flux ratio, crossflow

Weber number, pressure and temperature are between 2.2 and 75, 700 and
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1580, 3.8 and 6.5 bar, 350 and 475 K, respectively, in Masuda’s work, and
between 16 and 76, 399 and 1630, 5 and 20 bar, 280 and 650 K, respectively, in
Li’s work, and between 49 and 390, 36 and 285, 1.1 and 4 bar, 393.15 and 673.15
K, respectively, in the current work. The detailed values of conditions and non-
dimensional numbers considered in the correlations and current work can be
seen in Tables 1.2 and 1.3 and A1.4 - A1.7 of Appendix 1, respectively.
Therefore, it can be said that the correlations might not be applicable here and
are not developed for the current case because the conditions and non-
dimensional numbers of the current work are different from the works in the

literature.

When the results of correlations are investigated, the maximum value of the
penetration height is 60.10 mm, as predicted by Masuda et al. Considering
maximum penetration height, it was decided to choose dimensions of the cross-
section of the test section 20x30 mm, corresponding to the 600 mm? cross-
sectional area found before. 30 mm dimension will be used in the direction of the
jet. This dimension might not be used for some cases in Tables A1.4 - A1.7, but
as explained before, the correlations might not be correct for the current work,

and this phenomenon is checked while doing the test with the setup.

The test section and other parts of the test setup were designed using the

dimensions found in this section. They are given in the following sections.

2.3. Test Setup Assemblies

3D parts of the test setup assemblies are presented in this section. Two different
test setup assemblies were designed and manufactured for this thesis. One is for
the test to measure the diameter and velocity distributions of droplets with PDPA.
The other is for the shadowgraphy tests of the liquid jet in crossflow with a high-
speed camera. The detailed parts of the assemblies are given in Table A1.8 of
Appendix 1. The only difference between the two setups is the high-pressure

chamber assembly.
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2.3.1. PDPA Test Setup Assembly

PDPA test setup assembly is used to measure velocity and diameter distributions
in the test section. The designed setup is shown in Figures 2.4-2.5 and A1.1-A1.2
of Appendix 1.

The crossflow gas enters the setup via two inlets placed on the plenum chamber
assembly, then goes through the plenum chamber assembly and is uniformed
here. Afterward, it goes through the preliminary acceleration section, and it
speeds up here before entering the test section. After that, it goes through the
test section, and its speed increases to the designed/desired condition. The liquid
jet enters the test setup via fuel supply line-1 and goes through fuel supply line-2
by passing through 2 male connectors. Then, it goes through the positional elbow,
and there it goes to the injector. The injector injects it perpendicularly to crossflow.
The crossflow-liquid jet mixture exits the test section and enters the high-pressure
chamber, and it leaves the test setup via the crossflow-liquid jet exit jet placed on

the high-pressure chamber.

Five thermocouples and one pressure sensor were placed in the setup to
measure crossflow and liquid jet temperature and pressure, respectively. The
setup contains four windows, two of which are placed on the high-pressure
chamber assembly and two placed on the test section. The angles between
windows placed on the high-pressure chamber assembly and test section are
150 and 180 degrees, respectively. In other words, the windows in the test section
are placed opposite, but the windows in the high-pressure chamber are not
placed opposite. An explanation of the placement of the windows is given in

upcoming sections.
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Figure 2.4. PDPA test setup assembly (isometric view).
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Figure 2.5. PDPA Test setup assembly (cross-sectional view 1 and 2).
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2.3.2. Shadowgraphy Test Setup Assembly

The shadowgraphy test setup assembly is used to take high-speed photos of the
liquid jet in subsonic crossflow in the test section. The designed setup is shown
in Figures 2.6 and A1.3 of Appendix 1.

The only difference between shadowgraphy and PDPA test setup assemblies is
the design of the high-pressure chamber assembly and, in detail, the windows’
placement on the assembly. The windows on high-pressure chamber assembly,
PDPA are not placed oppositely, but they are placed oppositely on high pressure
assembly, shadowgraphy. Apart from this point, both setups work identically in
point of flow dynamics (crossflow and liquid jet). Therefore, the explanation of the

flow dynamics is not given again.

High-pressure
chamber assembly,

shadowgraphy 285 mm

Figure 2.6. Shadowgraphy test setup assembly (isometric view).
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2.4. Sub-Parts of PDPA and Shadowgraphy Test Setup Assemblies

In this section, important sub-parts of test setup assemblies are given. The list of

whole parts of the test setup assembilies is given in Table A1.8 of Appendix 1.

All parts are designed to work at least at 10 bar, and while creating the parts, the
strength values supplied by the standards or manufacturers for parts were
checked, and it was found that finite element analysis (FEM) was not necessary.
Therefore, FEM analysis was not done, and all parts can endure much more than
10 bar. On the other hand, an analytical analysis was conducted to check the
endurance level of windows, which is given in related sections of this thesis.
Moreover, the setups that were produced were tested at 10 bar at the production

facility, which is given in the related section of this thesis.

2.4.1. Plenum Chamber Assembly

The plenum chamber assembly stores the incoming gas and sends it to the
preliminary acceleration section. It consists of the parts given in Table A1.9 of
Appendix 1. The parts in Table A1.9 were machined or taken off the shelf and
assembled by welding. In conclusion, the plenum chamber assembly was

produced. It can be seen in Figure 2.7 and Figures A1.4-A1.5 of Appendix 1.

As shown in Figure A1.4 of Appendix 1, the flow uniformity pipe has small holes,
and these holes uniform the incoming gas, which is a similar design given in
Figure 2.1. The holes’ diameter is 3 mm, and sixty of them are equally spaced in
ten circular sections, and six are spaced in each section. The chamber also has
one pressure sensor fitting for pressure sensor connection and three
thermocouples fitting for thermocouple connections. The sensor connections in
the entire setup were only placed on the plenum chamber assembly so as not to
affect the uniformity of the flow in test or preliminary acceleration sections.
Therefore, there is no sensor connection in test or preliminary acceleration
sections, and the required data for these regions is taken from the sensors placed

on the plenum chamber assembly.
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Only one thermocouple is connected to the plenum chamber assembly for the
shadowgraphy test and the test with PDPA, and the other two connection points
are closed by plugs for these tests. The uniformity of gas in the plenum chamber
assembly is checked by three thermocouples. Therefore, all thermocouple fittings
are connected by thermocouples, and this is a different test from the
shadowgraphy test and tests with PDPA, which is called the flow uniformity
checking test. This is why the plenum chamber assembly has three
thermocouples fitting on itself; only one is used for the tests except for the flow

uniformity checking test.

Flow uniformity
pipe

Flow uniformity
pipe flange

Flow uniformity

pipe flange Thermocouple

fitting

Figure 2.7. Plenum chamber assembly (isometric view).

2.4.2. Preliminary Acceleration Section

The preliminary acceleration section is used to accelerate the crossflow gas
coming from the plenum chamber assembly to a level slower than the speed in
the test section. The crossflow gas was not accelerated to the desired or

designed speed in the test section by connecting it directly to the plenum chamber
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so as not to let the flow separation occur. Therefore, a section between the test
section and the plenum chamber assembly is placed, and it is the preliminary
acceleration section. Preliminary acceleration also converts the circular flow in
the plenum chamber assembly to rectangular flow. The part was manufactured
from bulk stainless steel by machining. The part and its connections, as well as
some of the dimensions and interfaces, can be seen in Figure 2.8 and Figures
A1.6-A1.8 of Appendix 1.

As shown in Figure 2.8, the crossflow entrance region to the preliminary
acceleration section from the plenum chamber assembly is submerged in the
plenum chamber assembly to prevent flow separation in the preliminary

acceleration section.

Crossflow entrance
region to preliminary
acceleration section

Connection interface to
plenum chamber assembly

Connection interface to
thermocouple for
measuring jet temperature

Connection interface

40 mm to fuel supply line-1

A

Figure 2.8. Preliminary acceleration section (isometric view).

2.4.3. Test Section

The test section is the region where the measurements and visualization of a

liquid jet in subsonic crossflow are captured. The crossflow coming from the
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preliminary acceleration section is speeded up to the designed point. The cross-
sectional area of the visualization/measurement section is 600 mm? (20x30 mm),
as found in Section 2.2. The part was manufactured from bulk stainless steel by
machining. It and its connections, some of the dimensions and interfaces can be

seen in Figure 2.9 and in Figures A1.9-A1.11 of Appendix 1.

As can be seen in Figure A1.9 of Appendix 1, the part has two injector
connections which of one is placed 5 mm under the other because this placement
makes possible of visualization of the liquid jet in test section if the upper
placement is not satisfactory for visualization. Therefore, while doing the tests,
the test injector is connected to one of them and other one is covered with plug,
M16.

Crossflow ent_rance Connection interface
to test section to preliminary

acceleration section

Connection interface
to plug, M16 or injector

Connection interface
to test section
window holder

Connection interface
to test section window

30 mm

Figure 2.9. Test section (isometric view).
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2.4.4. Injectors

Three different injectors with different orifice diameters (0.4, 0.5, and 0.6 mm)
were designed. All the injectors have a length-to-diameter ratio of 10. 3D parts
and technical drawings of injectors are given in Figures 2.10-2.11 and A1.12-
A1.14 of Appendix 1. Each injector has one inlet for fuel, exit orifice and a
connection port for thermocouple connection to measure jet temperature in

injector. The parts were produced from a bulk stainless steel by machining.

| e Port for thermocouple
10 mm 2
connection
Fuel inlet

Figure 2.10. Injector (isometric view).

= Port for thermocouple
connection

10 mm

Orifice for creating
liquid jet

Figure 2.11. Injector (cross-sectional view).
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2.4.5. Test Section Window

The test section window is used to observe the region where a liquid jet in
subsonic crossflow occurs. It is placed on the test section and was produced by

machining from bulk optical-grade quartz.

The test section window is placed inside the high-pressure chamber assembly,
as can be seen in Figure 2.5, and this makes the pressure on both sides of the
window equal or the pressure difference between both sides of the window is
close to zero, so it does not carry the load (pressure), and this lets us choose a
thin material. The thickness of the test section window should be as thin as
possible since the receiver of PDPA does not look perpendicular to the test
section window. Lubarsky et al. [55] chose the thickness of their test section
window as 3.18 mm. Therefore, the thickness of the test section window is
selected as 3.2 mm, and it is assumed that this thickness does not affect velocity
and diameter measurements by PDPA. The window’s technical drawing can be

seen in Figure A1.15 of Appendix 1

As seen in Tables A1.4 and A1.5 of Appendix 1, the difference between total and
static pressures at maximum is 0.11 bar, the pressure the test section window
needs to carry. The safety factor for the window at this load was calculated by
Equation 2.18 and found to be 83. Equation 2.18 is a safety factor calculation

formula given by a quartz manufacturer in a technical report [60].

C2XE x(1+71Y) (Tw>2
B K X Pogy L

SF (2.18)

where SF is the safety factor, F, is the apparent elastic limit or rupture modulus (its
value is 41x10% Pa for quartz [61]), r is the unclamped length-to-width ratio of
window (in the case, unclamped length and width of the window are 96 mm and

30 mm, respectively), K is empirical constant (its value is 1.125 [60]), P4, is the
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load per unit area (its value was found above and is 0.11x10° Pa), T\, is the thickness
of the window (its value is 3.2 mm for the case), L is unclamped length of the

window (its value is 96 mm for this case).

2.4.6. Test Section Window Holder

The test section window holder places the test section window on the setup and

keeps it steady. It can be seen in Figure 2.12.

Test section window
placement zone

I40 mmI

Figure 2.12. Test section window holder (back and front views).

2.4.7. Fuel Supply Lines

Fuel supply lines 1 and 2 feed JP-10 to the injector. As Figure 2.5 shows, fuel
supply line 1 is the connection part outside the test setup to the conditioned fuel
feeding system at the test facility given in Figures 2.2 and 2.3, and fuel supply
line 2 is the connection part inside the test setup between fuel supply line 1 and

the injector.

Fuel supply line 1 consists of the parts in Table A1.10 of Appendix 1. Fuel pipe 1
was produced by tube bending. Nut, 810, and ferrule set, 810, were taken off the
shelf. Nuts and ferrules were connected to the produced pipe permanently by the
method given in [62]. As a result, the fuel supply line 1 was produced. It can be

seen in Figure 2.13 and Figure A1.16 of Appendix 1.
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Nut, 810 and
Ferrule Set, 810

Nut, 810 and
Ferrule Set, 810

Figure 2.13. Fuel supply line 1 (isometric view).

Fuel supply line 2 consists of the parts given in Table A1.11 of Appendix 1. Fuel
pipe 2 and the adaptor were produced by tube bending and from bulk stainless
steel by machining, respectively, and then, the pipe and adaptor were connected
by welding. Nut, 400, ferrule set, 400, nut, 810, and ferrule set, 810 were taken
off the shelf. Nuts and ferrules were connected to the welded part permanently
by the method given in [62]. As a result, the fuel supply line 2 was produced. It
can be seen in Figure 2.14.

Nut, 810 and
Ferrule Set, 810

Nut, 810 and
Ferrule Set, 810

Fuel pipe-2

Nut, 400 and
Ferrule Set, 400

Nut, 400 and
Ferrule Set, 400

Figure 2.14. Fuel supply line 2 (isometric and cross-sectional views).

37



2.4.8. High-Pressure Chamber Assembly, PDPA

High-pressure chamber assembly, PDPA is used to connect the preliminary
acceleration section and the test section and to equalize the pressure on each
side of the test section window to make the test section window thin since the
receiver of PDPA does not look perpendicularly to the test section window.
Therefore, it affects the accuracy of diameter and velocity measurements by
PDPA. It has two window openings, one of which is used to let laser beams of
the transmitter of PDPA reach the test section, and the other is used to let the
receiver of PDPA observe the test section that interfered laser beams of the
transmitter of PDPA. These openings are not placed oppositely on the chamber,
and they are placed at 150 degrees. This placement is related to the accuracy
and calibration of the PDPA system. The details about the accuracy and

calibration of PDPA are given in the related section.

The chamber consists of the parts given in Table A1.12 of Appendix 1. The parts
given in Table A1.12 are either machined or taken off the shelf and assembled
by welding. In conclusion, the high-pressure chamber assembly, PDPA, was
produced. It can be seen in Figure 2.15 and Figures A1.17-A1.18 of Appendix 1.

High-pressure
chamber flange top

\é

- \

High-pressure
chamber window
connection wall

High-pressure

High-pressure chamber, PDPA

chamber window
connection wall

Thermocouple
fitting

High-pressure chamber
flange bottom

Figure 2.15. High-pressure chamber assembly, PDPA (isometric view).
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2.4.9. High-Pressure Chamber Assembly, Shadowgraphy

High-pressure chamber assembly, shadowgraphy is used to connect the
preliminary acceleration section and test section and to equalize the pressure on
each side of the test section window to make the test section window thin. It has
two window openings; one lets the light source lighten up the test section to
create a shadowgraphy region, and the other allows a high-speed camera to
observe the test section. These openings are placed oppositely on the chamber.
Apart from the window opening placement on the chamber, the remaining parts

are identical to the high-pressure chamber assembly, PDPA.

The chamber consists of the parts given in Table A1.13 of Appendix 1. The parts
given in Table A1.13 are either machined or taken off the shelf and assembled
by welding. In conclusion, the high-pressure chamber assembly, shadowgraphy
was produced. It can be seen in Figure 2.16 and Figure A1.19 of Appendix 1.

High-pressure
chamber flange top

High-pressure
chamber window
connection wall

High-pressure
chamber,
shadowgraphy

High-pressure
chamber window
connection wall

Thermocouple
fitting

High-pressure chamber
140 mm flange bottom

Figure 2.16. High-pressure chamber assembly, shadowgraphy (isometric view).
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2.4.10. High-Pressure Chamber Window

The high-pressure chamber window is used to observe the test section region
where liquid jet in subsonic crossflow occurs. It is placed on high-pressure
chamber assemblies and produced from a bulk optical grade quartz by

machining.

TUBITAK SAGE has been doing tests with PDPA for more than ten years. At this
period, it was seen that PDPA system accuracy or calibration was not affected
when 30 mm thickness windows were placed perpendicularly in front of the
transmitter and receiver of PDPA. Therefore, the thickness of the high-pressure
chamber window was chosen as 30 mm so as not to break windows at 10 bar
and make the system safer. The window’s technical drawing can be seen in
Figure A1.20 of Appendix 1.

The maximum load (pressure) that the high-pressure chamber window needs to
carry is 10 bar, but this is the absolute pressure, and assuming ambient pressure
as 1 bar, the maximum net pressure can be found as 9 bar. By taking thickness,
unclamped length, and width of the window as 30 mm, 110 mm, and 90 mm,
respectively, the safety factor for window at 9 bar was calculated by Equation
2.18 and found as 15.

2.4.11. High-Pressure Chamber Window Holder

The high-pressure chamber window holder is used to place the high-pressure

chamber window on the setup and keep it steady. It is shown in Figure 2.17.

40



e a——
40 mm

High-pressure chamber
window placement zone

Figure 2.17. High-pressure chamber window holder (back and front views).

2.4.12. Gaskets

Gaskets are used to handle leakage problems between flange faces on test setup
assemblies given in Figures 2.4 and 2.6. Two different dimensional gaskets were
designed. One design (plenum chamber flange gasket) is used between the
flange faces of the blind flange and plenum chamber assembly and between the
flange faces of the plenum chamber assembly and preliminary acceleration
section. The other design (high-pressure chamber flange gasket) is used
between flange faces of the preliminary acceleration section and high-pressure
chamber assemblies. The material of gaskets was chosen as graphite since it is

durable at high temperatures and has good leakage prevention characteristics.

The plenum chamber flange gasket is given in Figure 2.18. Its dimensions are

218 mm (outer diameter), 169 mm (inner diameter), and 1.5 mm (thickness).
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Figure 2.18. Plenum chamber flange gasket.

The high-pressure chamber flange gasket is given in Figure 2.19. Its dimensions
are 340 mm (outer diameter), 207 mm (inner diameter), and 1.5 mm (thickness).
It also has eight holes whose diameters are 22 mm diameter for screw passages

of flange.

Figure 2.19. High-pressure chamber flange gasket.

2.5. CFD Analysis

Before starting the production process of the parts, the setup was analyzed with
the help of computational fluid dynamic (CFD) analysis to check whether there
was any problem with the setup, such as flow uniformity or separation problems,
by checking the pressure, velocity or temperature results of the analysis or any
other unknown issues. It is the ultimate purpose of the analysis. Then, the
production processes were started. Therefore, in this section, governing
equations used in the CFD analysis of the test setup, and numerical procedures
are presented, and the CFD results' details are given in the "Results and

Discussion" section. The simulations were done as single-phase analysis, and
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only crossflow conditions were checked using ANSYS Fluent. Moreover, heat
transfer between the setup and environment was not considered and ignored in
the analysis since the temperature of the crossflow waits to be stabilized before
capturing the data while conducting the tests, and then tests are performed. The
temperature stabilization details are given in the “Results and Discussion”
section. The software versions used in the simulations are provided in the

following sections.

2.5.1. Governing Equations and Turbulence Model

Since the flow is mildly compressible, the compressible single-phase CFD
analysis was done using ANSYS Fluent. Therefore, mass and momentum
conversation equations, equation of state, and turbulence model equations had
to be solved or calculated, and since the flow is compressible, the energy
equation was also solved [63]. The governing equations used by ANSYS Fluent
for the analysis are given below. These equations are transient. In the current
case, the analysis was steady; therefore, the software dropped out the time-

dependent parts of the equations for the analysis.

The mass conversation equation is given in Equation 2.19 [63].

0
L+ (pF) = S (2.19)

where S, is the mass source term [63]. The mass source term is zero since the

current analysis is single-phase, and there is no chemical reaction.

The momentum conversation equation is given in Equation 2.20 [63].
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9 L,
a(pﬁ) +V-(pvv)=-Vp+V-(T) +pg +F (2.20)

where pg and F gravitational and external body forces, and 7 is the stress tensor

[63]. The stress tensor is given in Equation 2.21 [63].
= - - 2 -
F=u (vU+vUT)—§v-u1] 2.21)

The equation of state for the compressible flow is given in Equation 2.22 [63].

(2.22)

where p,,,, is the operating pressure [63] and it was set to zero for the analysis.

The energy conversation equation is given in Equation 2.23 [63].

0 +2) 4y el
ac\P\¢ T2 pv 2

i

(2.23)

The realizable k-¢ model was used in ANSYS Fluent to model the turbulence in

analysis. ANSYS Fluent uses the following equations for the model.
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The transport equations for the model are given in Equations 2.24 and 2.25 [63].

ak+ak —a(+ﬂt>ak+(;+(; Yy +S 2.24
at(P) Ox]-(p ”f)_ax,- U o) 0%; k b~ PE— Iy k (2.24)

d N d
3¢ (PE) o (pewy)

a ,ut ag 82 & (225)
— <‘u+_>— +pC158—,0C2k—+C1sEC3sGb
&

_a_xJ' O an +\/V_

+ S,

Coefficient C; is found in Equation 2.25 by using the relations given in Equation
2.26 [63].

Kk
C1=max[0.43,nn? , m=st ., s= [25,5; (2.26)

where in Equations 2.24-2.26 [63], k, € and u; represent turbulence kinetic
energy, its dissipation rate, and turbulent viscosity, respectively. G, and G, are
the generation of turbulence kinetic energy due to the mean velocity gradients
and buoyancy. Yy, is the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate. S, and S, are user-defined source
terms. C;¢, C, and C; are model constants. g, and o, are the turbulent Prandtl

numbers for k and &, respectively.

The turbulent viscosity is modeled using the Equations 2.27 [63].
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U = pcﬂ? (227)

where C, is calculated by Equations 2.28-2.31 [63].

Cu = A—o - ;S kU* (2.28)
Ur= \/Sijsij + 0,0 (2.29)
ﬁij =0 — 2¢&;jwi (2.30)
Qij = Q) — &y (2.31)

where Q_u is the mean rate of rotation tensor viewed in a moving reference frame with

the angular velocity w;, [63]. Ag and A, are the model constants [63].

2.5.2. Geometry and Numerics

The analysis was done between crossflow inlet sections on the plenum chamber
assembly and test section outlet on the test section; other parts were not
considered. These parts are enough to analyze, and the flow after the test section
is not essential to check with CFD for the production process. This simplification
also had to be done to reduce computational cost since the whole setup is 1.4 m
long. There is also a half symmetry condition on the test setup for CFD analysis,

and this symmetry condition was also used to make computational cost less.
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Therefore, the cleaned flow model for CFD can be seen in Figure 2.20. The model
has two inlets, an outlet, and a symmetry plane, and the remaining faces are
walls. Crossflow gas enters the test system via two inlets given in Figure 2.20,
then is stored in the plenum chamber by passing through uniformity parts. Details
can be seen in Figures 2.22, 2.25, and 2.26. Then, it goes to the preliminary
acceleration and test section. Finally, it leaves the test section via the outlet given
in Figure 2.20.

inlet

inlet

symmetry
plane

outlet

Figure 2.20. The geometry of the test system used in CFD analysis.

The settings of the model for analysis in ANSYS Fluent are given in Table 2.8.
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Table 2.8. Settings of model for CFD analysis in Fluent.

Energy On
Model k-epsilon (2 eqgn.)
Setup General . k-epsilon Model Realizable
Viscous
Near-Wall Scalable Wall Functions
Treatment
Pressgre-VeIocny Scheme Coupled
Coupling
Gradient Least Squares Cell-Based
Pressure Second Order
Density Second Order Upwind
Solution | Methods . Momentum Second Order Upwind
Spatial

Discretization Turbulent Kinetic

E Second Order Upwind
nergy

Turbulent

Dissipation Rate Second Order Upwind

Energy Second Order Upwind

Analysis was done for three cases of crossflow conditions, as shown in Table 2.3.
The case selection was done regarding mass flow rate to choose between
minimum and maximum values as well as considering temperature and pressure.

The chosen conditions are given in Table 2.9. Air was used for every analysis.

Table 2.9. CFD analysis conditions.

Mach Total Pressure | Static Pressure | Total Temperature | Mass Flow rate
Number [bar] [bar] [K] [g/s]
0.1 2.00 1.99 493.15 38
0.3 1.41 1.32 393.15 85
0.4 1.10 0.99 673.15 65
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2.5.3. Mesh Sensitivity Analysis

Mesh sensitivity had to be checked for CFD to ensure that the CFD analysis
results were independent of mesh quantity. Therefore, in this section, mesh
sensitivity analysis is given. Four different quantity meshes were created: coarse,
medium, fine, and very fine. To be sure of mesh independence, it was tried to be
quantity of each mesh four times in each case, such as if coarse mesh has x
mesh, medium, fine, and very fine mesh have 4x, 16x, and 64x mesh,
respectively. The Fluent Mesher was used to create mesh. Information about the
created mesh can be found in Table 2.10. Also, a mesh comparison is given in
Figure 2.21.

Table 2.10. Mesh data.

Volume Mesh
Surface Mesh Boundary Layer
. . First Layer

. Maximum . Maximum : Layer
Name | Quantity Skewness Quantity Skewness Type Thl[frlir:]ess Quantity
Coarse 48427 | 0.75795970 | 693111 | 0.89954402 | Tetra 0.01 13
Medium | 147778 | 0.72324691 | 2814228 | 0.89852268 | Tetra 0.01 15
Fine 460067 | 0.72254924 | 10277313 | 0.89928899 | Tetra 0.01 15
\F’ﬁ:g 1477717 | 0.69927105 | 39539822 | 0.88761659 | Tetra |  0.01 15
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coarse

medium

fine

very fine

Figure 2.21. Mesh comparison.

Mesh sensitivity analysis was done for the case of 85 g/s flow rate given in Table
2.9. Since the half symmetry condition was used, the flow rate for inlet had to be
divided by half. Also, the setup has two inlets, so the flow rate had to be divided
by 4 to find the flow rate boundary condition for one inlet. In conclusion, the

boundary conditions are given in Table 2.11.
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Table 2.11. Mesh sensitivity analysis boundary condition.

Mass Flow rate [g/s] 21.25
Inlet (for each inlet Supersonic / Initial 3
given in Figure 2.20) Gauge Pressure [bar]

Total Temperature [K] 393.15

Gauge Pressure [bar] 1.32
Outlet

Total Temperature [K] 393.15

Analysis was run using ANSYS Fluent 2022 R1 and 2023 R1 for meshes except
for very fine mesh and very fine mesh, respectively. To compare the results for
each mesh, the results in a plane passing through the injector, a parallel plane

115 mm from the outlet, and a line submerged 0.5 mm from the symmetry plane

were checked. The plane and line can be seen in Figure 2.22.

Figure 2.22. Control line and plane for results of mesh sensitivity analysis.

Mass-weighted average static pressure for each mesh on the plane given in

Figure 2.22 and static pressure for each mesh on nodes passing through the line

|
W NN DN N N S B D N .

N

Line passes through the center
of this section and submerged
0.5 mm from symmetry plane
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shown in Figure 2.22 were checked and are presented in Figures 2.23 and 2.24.
As shown in Figures 2.23 and 2.24, identical results were found nearly
everywhere for each mesh, and it can be said that coarse mesh is not coarse
enough to compare with other meshes. The reason for this situation is the usage
of Fluent Mesher. Fluent Mesher creates meshes using the whole flow body, and
when it was tried to mesh quantity below 600k to make the mesh coarser to see
the difference with other meshes, Fluent Mesher gave an error and could not
create a mesh. Therefore, the coarser mesh with mesh quantity below 600k could
not be made with Fluent Mesher, and it was said that the solution was
independent of the mesh. Moreover, as shown in Figure 2.24, there is some
difference in static pressure in some sections, but other sections have similar
results. For the section that has differences, it can be said that mesh is coarse
for coarse mesh and affects the result, and this is on the small cylindrical section
of the geometry (3 mm diameter). As a result, the fine mesh was chosen as the
mesh for the solution since there was enough computational power for this

quantity.

1.35
¥ coarse mesh

{> medium mesh
1.34 fine mesh

'E' + very fine mesh
=
)
= 1.33 3 O +
n
N
g
o
o 1.32
s
n

1.31

1.30

0 1 2 3 4 5

Figure 2.23. Mass-weighted average static pressure on the plane given in Figure
2.22 for analysis done using coarse, medium, fine, and very fine

meshes.
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* coarse mesh
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fine mesh
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Figure 2.24. Static pressure on nodes passing through the line given in Figure
2.22 for analysis done using coarse, medium, fine, and very fine

meshes.

Figures 2.25 and 2.26 show details of the fine mesh chosen for the analysis.
Figure 2.26 shows a cross-sectional view of the fine mesh passing through a

plane given by Figure 2.25.

Plane that
A T passes through

/ this gray line

VAT AT S VRO

Figure 2.25. View of fine mesh and the plane for the cross-sectional view of some
part of it.

53



Figure 2.26. The cross-sectional view of the fine mesh that passes through the

plane given in Figure 2.25.

The results of the CFD analysis are given in the "Results and Discussion" section.
Based on the CFD analysis results, it was concluded that there was not any

problem with the setup and that the designed setup was ready for production.

2.6. Production, Endurance, and Leakage Tests of the Setup

All parts of the designed test setup were either produced or taken off-the-shelf,
and the setup was assembled at the production facility. Then, endurance and
leakage tests were carried out at 10 bar by closing the related open section of
the setup with plugs or blind flanges and it was seen that the produced setup is
ready for use. The photo of produced test setup and test process are given in
Figure 2.27.
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Figure 2.27. View of produced test setup and testing process (endurance and

leakage).

2.7. Integration of Test Setup to The Test Facility

The test setup was assembled and integrated into the test facility as the final part
of the section. Its view and sub-parts can be seen in Figure 2.28 and Figures
A1.21-A1.23 of Appendix 1.

Figure 2.28. Integrated shadowgraphy test setup assembly at the test facility at
TUBITAK SAGE.

As Figure 2.28 shows, the plenum and some other parts are covered with
insulation material to decrease the heat loss between the heater and the test

section.
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3. THEORY AND WORKING PRINCIPLE OF PHASE DOPPLER
PARTICLE ANALYZER

This section gives the theory and working principle of the Phase Doppler Particle
Analyzer (PDPA).

PDPA is a device for measuring particle size and velocity simultaneously.
TUBITAK SAGE has TSI two-component PDPA System. It has green (A = 514.5
nm) and blue (A = 488 nm) laser beams. The green laser measures particle axial
velocity and size, and the blue laser measures particle radial velocity. Its photos

are given in Figure 3.1.

§
MULTICOLOR
% BEAMSEPERATOR

SIGNAL
PROCESSOR (FSA)

POWER METER

Figure 3.1. TSI two-component PDPA System at test facility at TUBITAK SAGE
[64].

As can be seen in Figure 3.1, it consists of a 5-watt argon-ion laser that creates
a single beam laser, a multicolor beam separator that separates the single laser
beam coming from laser to 4 laser beams, which 2 of them are green (shifted and
unshifted) and remaining 2 of them are blue (shifted and unshifted). Then, after
beams are transmitted to the transmitter, they exit via optics, and all of them are
focused on the focal point of the transmitter. This is where measurement takes
place, and it is known as measurement/probe volume. Measurement volume and

schematic view of the transmission side of PDPA can be seen in Figure 3.2.
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Focused beams create bright and dark fringes in the measurement volume. It can

be seen in Figure 3.3.

Glass cylinder _
‘ M e ’ Measurement
Beamsplitter volume
\ : M
Laser X / ('3l =
Bragg cell |
Prism | oy
P
Wan

Figure 3.2. Schematic view of the transmission side of PDPA [65].

Figure 3.3. Measurement volume [66].

A particle passing through measurement volume scatters the light while passing
through a bright fringe. Then, the photodetectors capture the scattered light in the
receiver, and the detectors send the related signals to the photodetector module.
The photodetector module creates an electrical signal by converting the signal
coming from the photodetector. It sends the electrical signal to the signal
processor, which filters and sends the signal to the computer, and the user can

analyze data on the computer. The underlying theory is explained below.
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The particle's velocity is determined using Doppler shift frequency captured by
PDPA. When a particle passes through the bright fringe in the measurement
volume, the light is scattered, and this scattering causes a frequency shift in
beams (green and blue) in the measurement volume. This frequency shift is
known as Doppler shift frequency, and photodetectors in the receiver detect it.

The velocity is determined by using Doppler shift frequency via Equation 3.1 [65].

—_ _(F-fo)a
~ 2sin(¥/2) (3.1)

where, v is the related velocity component (axial velocity for green beam and
radial velocity for blue beam), f is Doppler shift frequency measured by PDPA,
fo is the frequency of the shifted beam coming from the transmitter, 1 is the
wavelength of the beam and ¥ is the intersection angle of the shifted and

unshifted beams for exact color.

Using Equation 3.1, the magnitude and sign of the related velocity component
are found. If the particle is stationary, the Doppler shift frequency detected by the
photodetector is equal to f,, and if the particle is moving in the positive direction,
it causes a burst in Doppler shift frequency and makes it bigger than f,.
Therefore, the sign of the velocity is found to be positive. If it is moving in the
negative direction, the Doppler shift frequency becomes smaller than f, and the
sign of the velocity becomes negative. This is the reason why one of the beams

shifted for each color.

On the other hand, the size measurement is done by using scattering
mechanisms, such as reflection and 1st or 2nd-order refractions. There are also
other components of the scattering mechanism, but they are not considered in
PDPA since their intensity is not high [65]. Therefore, the most dominant modes
of scattering for PDPA are reflection, 1t and 2" order refractions [65]. The

schematic view of scattering mechanisms can be seen in Figure 3.4.
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Figure 3.4. Schematic view of light scattering by droplets (np > nm) and bubbles
(np < nm); general definitions and calculations with ray tracing
software for a water droplet in air (a, b) and for an air bubble in water
(c, d) [65].

The scattering mechanism depends on the intensity of the scattered light, and
the intensity depends on the relative refractive index [65] and the intensity is not
uniform in every direction. Therefore, the receiver's position must be chosen

carefully to make one of the scattering modes dominant. The related angles can
be seen in Figure 3.5.

@: Scattering angle

é ©: Half beam intersection angle
b) Y: Elevation angle

T Flow

Receiving optic Dé
Figure 3.5. Schematic view of Phase Doppler measurement setup [65].
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The particle size is measured when the related particle passes through the
measurement volume and scatters the light. When it is scattered, the
photodetectors in the receiver detect the phase difference in the Doppler burst.
Using the phase difference value, the size of the particle can be calculated using
Equations 3.2 and 3.3 for reflection-dominated mode and 1st-order refraction-

dominated mode, respectively [65].

B 2ntd, sin O sin ¥ _
A J2(1-q)

sin®@sin¥ < q, (3.2)

where, @ is the phase difference, d, is particle diameter, A is wavelength, 6 is

half beam intersection angle, ¥ is elevation angle, q. is coefficient and is

calculated using Equation 3.4.

—2nd, msin @ sin ¥
= ;oom>1 (3.3)
J2(1+qc)(1+m2—m,/2(1+qc)) '
where, m is the relative refractive index.
q. = cos O cos ¥ cos ¢ (3.4)

where, ¢ is the scattering angle.

TSI's operating software (Flowsizer) of the PDPA system finds the scattering
angle for the related measurements and warns the user to choose the angle

correctly. The program lets the user choose by asking about the particles' relative
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refractive index and attenuation level. The attenuation level can be selected from

Table 3.1 for the related attenuation level coefficient.

Table 3.1. Attenuation level [67].

Attenuation Level Cievel
1 <0.005
2 0.005-0.05
3 0.05-1500
4 500 - 4000
5 > 4000
Cievet = @dpmax /1000 (3.4)

where C,.,.; is the coefficient to find the attenuation level of the particle, « is the
attenuation coefficient of the particle in mm-' and dpmasx 18 the maximum expected

particle diameter in pm.

In the current study, the particles are liquid droplets of the fuel JP-10, and to find
its attenuation level, the attenuation coefficient of JP-10 was required, which was
not available in the literature. Therefore, its attenuation coefficient was measured
and found to be 0.0115 mm-" for green and blue laser beams. The details of the
measurement can be found in Section 4.3. Also, the expected maximum particle
diameter was required to find the attenuation level, and it was assumed to be 400
pm. However, the assumed maximum diameter is high; it was considered a high

value since it is unknown. Thus, its attenuation level was found to be 1.

After finding the attenuation level, the applicable scattering domains needed to

be found. It was found by considering the relative refractive index, which is the
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ratio of the particle’s refractive index to the refractive index of the ambient where
particles are created. Therefore, for the current study, it is the ratio of refractive
index of JP-10 to air and its value is 1.4878 [68]. The scattering domains for
related refractive index are 12, 11, 10, 9, and 13 from Figure 3.6. One of them is
chosen by considering polarization in a beam that is used to make one of the

scattering mechanisms dominant, which is given below.

Scattering Domain Ed I

180

S

Off-axis Angle, deg.
g

Relative Refractive Index

Figure 3.6. Scattering domain and off-axis angle (scattering angle) [67].

The dominant modes for related attenuation levels and domains are given in
Figure 3.7. There are two different polarization methods: polarization in the beam
plane and polarization perpendicular to the beam plane. The attenuation level
was found to be 1, and applicable domains were seen as 12, 11, 10, 9, and 13.
By checking Figure 3.7, the polarization in the beam plane is not applicable for
attenuation level 1 due to no dominant mechanism for domains 12, 11, 10, 9, and
13. Therefore, polarization perpendicular to the beam plane is used, and the only
applicable domain for the case is 11. Thus, an off-axis angle (scattering angle) in
domain 11 can be chosen from Figure 3.6. Hence, the scattering angle is selected
as 30 degrees by analyzing domain 11 in Figure 3.6. The reason for the decision
is that in another setup at the test facility, 30 degrees is used as a scattering

angle. It is known that the successful measurement can be achieved, PDPA is
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ready for use, and if the angle is chosen as a different value rather than 30
degrees, the receiver and test setup cannot be easily integrated into the test
facility. As a result, a 30-degree scattering angle was chosen for the test setup of

PDPA, and the designs were completed with this angle.

Scattering Mode Charts B
Polarization in Beam Plane & Reflection
A Refraction
5] # & 8 8 8 8 8 88 H Intemal Reflection
§4_ * 8 C 00 ®COCOCO0 O > No Dominant Mechanism
'23- ® ® O X O ® O X X O X X X K K Ope'fsymbmsm”%s
confidence
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£
Ti4{ e @0 x 0 @ O x O X X X X X
12 3 4 5 6 7 8 9 10112 1314 15
D omain Hurrber
Polarization Perpendicular to B ean Plane
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21 x € 0 x O xO0O x A A % x
£
T4 x # 0 x D0 x OO KX & A X X
T 1 T T LI T T T T T T | N ¢
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
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Figure 3.7. Feasible scattering modes for various domains, attenuation levels,

and polarization [67].
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4. RESULTS AND DISCUSSION

This section provides the results of CFD analysis, injector discharge coefficient
measurements, JP-10 attenuation coefficient measurements, and liquid jet

penetration measurements.

4.1. Results of CFD Analysis

The analysis using fine mesh was run on ANSYS Fluent 2021 R1 for the cases
in Table 2.9. The mass-weighted average of total and static pressures, Mach
number, and total and static temperatures on the plane, given in Figure 2.22, is
compared with the results of 1-D isentropic equations in Section 2.2, which are

given in Table 4.1. As can be seen in Table 4.1, similar results were found.

Table 4.1. Comparison of 1-D equation and CFD results.

Case-1 Case-2 Case-3
1-D 1-D 1-D

Equation CFb Equation CFD Equation CFD

Total Pressure [bar] 2.00 2.01 1.41 1.42 1.10 1.12

Static Pressure [bar] 1.99 1.99 1.32 1.33 0.99 1.00

Mach Number 0.1 0.1 0.3 0.3 0.4 0.4
Total Temperature [K] | 493.15 | 493.15| 393.15 | 393.15 | 673.15 | 673.15
Static Temperature [K] | 492.17 | 492.12 | 386.20 | 386.06 | 652.28 | 652.36

Also, the contours of the velocity magnitude on the plane given in Figure 2.22
and the contours of the total pressure and velocity magnitude on the symmetry
plane were investigated and presented in Figures 4.1-4.3. As seen in the figures,

there is no flow separation in the geometry.
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Figure 4.1. The contours of the velocity magnitude on the plane shown in Figure

2.22 for cases given in Table 2.9.
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Figure 4.2. The contours of the total pressure on the symmetry plane for cases

given in Table 2.9.
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Figure 4.3. The contours of the velocity magnitude on the symmetry plane for

4.2. Discharge Coefficient Measurement of Injectors

cases given in Table 2.9.

Ten injectors were produced: three with a 0.4 mm exit orifice diameter, three with

a 0.5 mm exit orifice diameter, and four with a 0.6 mm exit orifice diameter. This

section describes the measurement procedure for the discharge coefficients of

the injectors and gives the results. Measured orifice diameters are also presented

in this section.

The mass flow rate through an orifice can be calculated using Equation 4.1.
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m = Cpdy(20(Py — P,))"” (4.1)

The indices in Equation 4.1 were modified for the injector dynamics, and the

modified version is given in Equation 4.2.

1/2
m; = CpAexit (pr (Priow — amb)) 2

where m; is the mass flow rate of the jet through the injector, C,, is the discharge
coefficient of the injector, A.,; is the exit area of the injector, p; is the density of
the jet through the injector, Py, is the pressure of the flow and P,y is the

pressure of the ambient. Equation 4.2 can be rearranged to solve for the

discharge coefficient:

B mj -1/2
Co = 7120, (Priow = Pams)) (4.3)

The term “Pr,,,, — Pomp” in Equation 4.3 is called pressure loss in the injector and
is denoted as “AP”. The modified version of the Equation 4.3 is presented in the

Equation 4.4.

m; -1/2

Cp =—-——(2p;AP) (4.4)

Aexit

In the discharge coefficient experiment, the mass flow rate through the injector,

flow pressure, and ambient pressure for calculating the pressure drop through
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the injector, and the temperature of the jet in the injector for the density calculation

of the jet are measured to calculate the discharge coefficient.

The schematic view and the photos of the experimental test setup can be seen
in Figures 4.4-4.7. The fuel supply tank is used to supply fuel (JP-10) to the pump,
the pump pressurizes and adjusts the flow rate and transfers it to the injector, the
pressure sensor between the pump and injector is used to measure the flow
pressure, and fuel storage tank is used to store the fuel that exits the injector,
pressure sensor for the ambient pressure is used to measure the ambient
pressure and its inlet is open to the ambient, DAQ is data acquisition system and
used to convert analog data to digital data and send digital data to the computer,

the computer is used to collect data from the DAQ.

Pressure Sensor for —— Pipeline
Ambienet Pressure | Cable
e Thermocouple

.................... e

Computer

Pressure
Sensor

L]
=

Fuel Storage Tank

Injector

Fuel Supply Tank

Figure 4.4. Schematic view of the discharge coefficient measurement test setup.

Figure 4.5 shows the tip of the thermocouple that measures the flow temperature
through the injector. In order not to affect the flow in the injector, the tip is not fully
submerged in the injector; it is submerged near the wall of the injector, which can
be seen in Figure 4.5.
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Thermocouple

Figure 4.6. Injector and sensor part view of discharge coefficient measurement

test setup.

Computer and DAQ ‘ p=

Fuel Supply
Tank

Fuel Storage
Tank

Figure 4.7. Discharge coefficient measurement test setup.
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Before starting the discharge coefficient experiments, the injector was not

connected to the setup given in Figure 4.7 to measure the pressure drop between

the flow pressure measurement point and the pipe outlet. It was observed that

the pressure loss is negligible between these points since the flow rate is too low,

which is between 3 and 5 g/s. Therefore, it is assumed that pressure is only lost

in the injector.

The test procedure is as follows:

1

. Adjust the pump for the desired flow rate. (Note that the test is done at 3 g/s,

4 g/s, and 5 g/s fuel flow rates for each injector.)

. Place the fuel storage tank on the scale and adjust it to zero at this position.
. Place the fuel storage tank under the injector.

. Power on the fuel pump and start recording the test duration, the fuel flow

temperature, the fuel flow pressure, and the ambient pressure.

. Continue the experiment for 30 seconds.

. Power off the fuel pump and stop recording the test duration, the fuel flow

temperature, the fuel flow pressure, and the ambient pressure.

. Measure the mass of the fuel storage tank filled with the fuel and note it.

. Repeat the experiment for each flow rate and injector.

After the experiment, the calculations were done using the Equations 4.5-4.13

and the test results. The results of the experiment are given next.

The mass flow rate of the jet through the injector is determined using:

. mfuel storage tank
Tnj =

(4.5)

ttest
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Where meye; storage tank 1S the mass of the fuel storage tank after the experiment

and t;,; is test duration.

The pressure drop in the injector is:
AP = Priow — Pamp (4.6)

where Pf,,, and Pg,,, are the pressure of the flow and the ambient, respectively.

The standard deviation of the pressure drop can be calculated as:

1/2
SAP = (sz’flow + Sl%amb) (47)

where Spﬂow and Sp_ . are the standard deviation of the flow pressure and the

ambient pressure, respectively.

The reduced absolute temperature is given as [58]:

T
= Jlow_ 4.8
=27315 48)

where Ty, is the temperature of the flow.

_ STflow

- 4.9
S, 273.15 (4.9)
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where S;_and STﬂow are standard deviations in the reduced absolute and flow

temperatures, respectively.

pj =ap+ a;T, + a,T? (4.10)

where p; is the density of the jet through the injector, a,, a; and a, are

parameters for density calculation [58]. The values and standard deviation of the
parameters are given in Table 4.2.

Table 4.2. Parameter values and associated standard deviations for Equation

4.10 [58].
Parameter Parameter Value Standard Deviation
ao 1153.0412 1.020
a, -192.47447 1.868
a, -9.3825928 0.8485

Sa\"  (St\
Spj = Séo + | a4T, [(%;) + (T_r) ]

(4.11)

where Spj, Say» Sa, @nd S, are the standard deviations in the density of the jet

through the injector and in the parameters for density calculation, respectively.
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m; -
Cp =2 (2p;0P) "2 (4.12)
Aexit
where Cj, is the discharge coefficient of the injector.
1/2
15,\° [ 1S\’
= - __AF 4.13
Seo CD[( 2p,-) +( 2AP> (*13)

where S, is the standard deviation in the discharge coefficient.

The diameter of injectors is given in Table A1.14 of Appendix 1. Data taken during
the discharge coefficient measurement experiment are given in Table A1.15 of
Appendix 1.

Using the data in Tables A1.14 and A1.15 and Equations 4.5-4.13, the results in

Table 4.3 were determined, and they are given below.

Table 4.3. Discharge coefficient experiment calculation results.

A, m; | AP Spp S, p; Sp, P

Part Number (mm? | [g/s] | Dbar] [bar] T, X105 | (kgim?] | kg/m?] Cp R
109665-R00-

LS001_0001 (3 g/s | 0.144 | 2.90 | 2.590 | 0.180 | 1.043 | 4.796 | 942.19 | 2.38 | 0.91 | 0.032
experiment)
109665-R00-

LS001_0001 (4 g/s | 0.144 | 4.04 | 4947 | 0.181 | 1.083 | 6.817 | 933.64 | 2.47 | 0.92 | 0.017
experiment)
109665-R00-

LS001_0001 (5g/s | 0.144 | 495 | 7.862 | 0.217 | 1.075 | 8.688 | 935.26 | 2.46 | 0.90 | 0.012
experiment)
109665-R00-

LS001_0002 (3 g/s | 0.121 | 2.94 | 3.302 | 0.202 | 1.040 | 2.338 | 942.79 | 2.38 | 0.98 | 0.030
experiment)
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Table 4.3. Continued.

A | m | AP | Sup

J
Part Number | 1121 | [g/s] | [bar] | [bar] Co | Sc

D

Pj pj
x10% | [kg/m®] | [kg/m3]

109665-R00-
LS001_0002 (4 0.121 | 3.79 | 5.014 | 0.184 | 1.077 | 5.822 | 934.86 | 2.46 | 1.03 | 0.019
g/s experiment)

109665-R00-
LS001_0002 (5 0.121 | 4.85 | 7.930 | 0.216 | 1.075 | 9.017 | 935.38 | 2.46 | 1.04 | 0.014
g/s experiment)

109665-R00-
LS001_0003 (3 0.139 | 3.03 | 3.128 | 0.192 | 1.043 | 4.626 | 942.17 | 2.38 | 0.90 | 0.028
g/s experiment)

109665-R00-
LS001_0003 (4 0.139 | 3.92 | 4977 | 0.192 | 1.081 | 4.594 | 934.10 | 2.47 | 0.92 | 0.018
g/s experiment)

109665-R00-
LS001_0003 (5 0.139 | 5.02 | 7.866 | 0.218 | 1.077 | 3.509 | 934.97 | 2.46 | 0.94 | 0.013
g/s experiment)

111007-R00-
LS001_0001 (3 0.216 | 2.99 | 1.423 | 0.197 | 1.045 | 6.174 | 941.56 | 2.39 | 0.85 | 0.059
g/s experiment)

111007-R00-
LS001_0001 (4 0.216 | 3.87 | 2.272 | 0.159 | 1.047 | 5.043 | 941.19 | 2.39 | 0.87 | 0.030
g/s experiment)

111007-R00-
LS001_0001 (5 0.216 | 5.26 | 3.878 | 0.157 | 1.073 | 3.212 | 935.62 | 2.45 | 0.91 | 0.018
g/s experiment)

111007-R00-
LS001_0002 (3 0.213 | 3.10 | 1.418 | 0.171 | 1.046 | 21.593 | 941.47 | 2.39 | 0.89 | 0.054
g/s experiment)

111007-R00-
LS001_0002 (4 0.213 | 4.05 | 2.269 | 0.156 | 1.047 | 6.142 | 941.22 | 2.39 | 0.92 | 0.032
g/s experiment)

111007-R00-
LS001_0002 (5 0.213 | 5.40 | 3.783 | 0.163 | 1.076 | 5.453 | 935.15 | 2.46 | 0.95 | 0.021
g/s experiment)

111007-R00-
LS001_0003 (3 0.212 | 3.08 | 1.401 | 0.142 | 1.039 | 3.768 | 942.89 | 2.38 | 0.89 | 0.045
g/s experiment)

111007-R00-
LS001_0003 (4 0.212 | 4.05 | 2.258 | 0.174 | 1.039 | 5.630 | 943.02 | 2.38 | 0.92 | 0.036
g/s experiment)

111007-R00-
LS001_0003 (5 0.212 | 5.02 | 3.493 | 0.183 | 1.041 | 2.456 | 942.58 | 2.38 | 0.92 | 0.024
g/s experiment)
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Table 4.3. Continued.

Ay | m; | AP | Sap

7
Part Number mm?] | [gis] | [bar] [bar] Cp Se,

D

Pj pj
x10% | [kg/m?3] | [kg/m3]

111013-R00-
LS001_0001 (3 0.288 | 2.89 | 0.736 | 0.031 | 1.044 | 10.921 | 941.85 | 2.39 | 0.85 | 0.018
g/s experiment)

111013-R00-
LS001_0001 (4 0.288 | 3.93 | 1.324 | 0.169 | 1.048 | 4.922 | 940.96 | 2.40 | 0.86 | 0.055
g/s experiment)

111013-R00-
LS001_0001 (5 0.288 | 5.20 | 2.108 | 0.127 | 1.070 | 4.878 | 936.44 | 2.44 | 0.91 | 0.027
g/s experiment)

111013-R00-
LS001_0002 (3 0.311 | 2.89 | 0.757 | 0.032 | 1.043 | 6.921 | 94214 | 2.38 | 0.78 | 0.017
g/s experiment)

111013-R00-
LS001_0002 (4 0.311 | 410 | 1.396 | 0.122 | 1.072 | 7.001 | 93595 | 2.45 | 0.82 | 0.036
g/s experiment)

111013-R00-
LS001_0002 (5 0.311 | 5.14 | 2.075 | 0.116 | 1.071 | 7.974 | 936.12 | 2.45 | 0.84 | 0.024
g/s experiment)

111013-R00-
LS001_0003 (3 0.304 | 2.88 | 0.720 | 0.035 | 1.041 | 10.218 | 942.47 | 2.38 | 0.81 | 0.020
g/s experiment)

111013-R00-
LS001_0003 (4 0.304 | 4.11 | 1.403 | 0.142 | 1.079 | 4.775 | 934.38 | 2.47 | 0.84 | 0.042
g/s experiment)

111013-R00-
LS001_0003 (5 0.304 | 5.20 | 2.089 | 0.134 | 1.069 | 5.136 | 936.49 | 2.44 | 0.87 | 0.028
g/s experiment)

111013-R00-
LS001_0004 (3g/s | 0.306 | 2.92 | 0.757 | 0.025 | 1.042 | 3.971 | 942.27 | 2.38 | 0.80 | 0.013
experiment)

111013-R00-
LS001_0004 (4 0.306 | 4.05 | 1.342 | 0.166 | 1.050 | 13.207 | 940.53 | 2.40 | 0.83 | 0.052
g/s experiment)

111013-R00-
LS001_0004 (5 0.306 | 5.27 | 2.093 | 0.129 | 1.067 | 2.198 | 936.96 | 2.44 | 0.87 | 0.027
g/s experiment)

Considering the discharge coefficient results given in Table 4.3, it can be said
that injectors were produced finely, and their pressure loss characteristics are at
a reasonable level. For the part having number 109665-R00-LS001_0002, the

discharge coefficient value is close to 1 for each case (3 g/s, 4 g/s, and 5 g/s
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experiments). As a result, it can be concluded that it has the lowest pressure loss
characteristic. On the other hand, its discharge coefficient is slightly higher than
1 for 4 g/s and 5 g/s experiments. However, this is not possible for real

applications, and it might be possibly due to the errors during the experiment.

4.3. Attenuation Coefficient Measurement of JP-10

Accurate measurement of droplet diameter with PDPA requires correct
polarization of laser beams. To correctly polarize the beams, Flowsizer, which is
the operating program of TSI Inc.’s PDPA system, needs the attenuation
coefficient of the droplets [67]. The attenuation coefficient is defined as how
strong a material absorbs the light at a given wavelength. In this case, the
droplets are made of JP-10, and in the literature, the attenuation coefficient of JP-
10 was not seen. Therefore, it had to be measured in the working wavelength
region. SAGE has a Lamba 950 Spectrophotometer of PerkinElmer that can do

such measurements.

Using a quartz cuvette that has a thickness (I) of 10 mm, the transmittance
measurement of JP-10 was made in the spectrophotometer. Firstly, the
spectrophotometer measured the incident intensity of light using an empty
cuvette. Then, the spectrophotometer measured the transmitted intensity of light
using the cuvette filled with JP-10. Finally, transmittance results were taken from

the device and transformed into the attenuation coefficient using Equation 4.17.

Using The Bouguer-Beer-Lambert Law [69], the relations below can be written.

I
T, = - x 100 (4.14)
Iy

where T; is the transmittance of the light in percentage, I, is transmitted intensity

of the light and I, is the incident intensity of the light.
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100) (4.15)

Ab = lOg10 (Tl

where Ab is absorbance.

The Bouguer-Beer-Lambert Law states that Ab = €lc, where € and ¢ are molar
extinction coefficient and molarity, respectively [69]. Therefore, a = ec is the
attenuation/extinction coefficient. As a result, Ab = al (4.16). Using the Equations

4.15 and 4.16, the Equation 4.17 is found and given below.
00
togso(77) (4.17)

Transmittance values measured by the spectrophotometer between 300 and
1100 nm wavelength are given in Table A1.16 of Appendix 1. Using the relation
above, attenuation coefficients were calculated and provided in the same table.

Figure 4.8 provides a graphical view of the results.
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Figure 4.8. Attenuation Coefficient of JP-10 between 300 and 1100 nm

wavelength.
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As can be seen in Figure 4.8, the attenuation coefficient at 300 nm behaves as
an outlier when compared with the other results at different wavelengths.
Moreover, the mean of the attenuation coefficient is 0.0115 and 0.0106 mm-1 at
wavelengths between 310 and 880 nm and between 890 and 1100 nm,

respectively. Therefore, the following correlation is presented.

0.00871 at 300 nm
a = ]0.0115+7.89x10~5 at 310—880 nm (4.18)
0.0106+3.92x10>at 890—-1100 nm

where «a is the attenuation coefficient of JP-10 in mm™".

In conclusion, the attenuation coefficient of JP-10 for the wavelengths between
300 and 1100 nm was measured to be used for the measurements by PDPA
since it was not available in the literature, and it is a required parameter for PDPA
measurements. Its value was found to be between 0.00871 and 0.0115 mm-'. As
a comparison, water, Mil-C, and Jet-A fuels have attenuation coefficients of 0,
0.05, and 50 mm-', respectively [67]. Considering the findings here and the given
values for related liquids, the attenuation coefficient of JP-10 is within a

reasonable range.

4.4. Penetration Measurement of JP-10 Liquid Jet (Shadowgraphy Test)

In this section, the penetration measurement of the jet is presented, and the

experiment results are compared with the data in the literature.

The tests were conducted in the shadowgraphy test setup assembly in Section
2.3.2. In the setup, there are five thermocouples: one is used to measure the
crossflow temperature on the plenum chamber assembly, and two are used to
measure the temperature inside the high-pressure chamber to check the

temperature of crossflow coming from the test section. The other two
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thermocouples are used to measure the surface temperature of the high-pressure
chamber and the temperature of the jet placed in the injector. A pressure
transducer is placed on the plenum chamber assembly to measure the pressure
of the crossflow. Moreover, there are some other sensors in the test facility given
in Section 2.1, which are three Coriolis flowmeters, of which two of them are used
to measure flow rate in line-1 and 2, and one of them is used to flow rate through
injector which is placed inside the conditioned fuel feeding system, and a
pressure transducer and a thermocouple placed on the conditioned fuel feeding
system to measure pressure and temperature of the fuel before entering the
injector. The details of the placement of the sensors can be found in Sections 2.1
and 2.3.2 and in the section of the related sub-parts. In the experiments, all these
sensors were used to measure data for the investigation of the penetration of the

jet, and the data are presented in the upcoming parts.

In the experiments, the injector with part number 111007-R00-LS001_0001 was
used. More information about the injector can be found in Sections 2.4.4 and 4.2.

The injector’s diameter was measured as 0.524 mm.

The shadowgraphy tests were tried to be completed for the case of M = 0.2, 2
bar, 493.15 K, and 74 g/s crossflow condition given in Table 2.3, and nitrogen
was used as crossflow medium. The same crossflow condition was applied to 2,
3, and 4 g/s jet flow rate conditions, and the jet was not conditioned; in other
words, it was not heated or chilled. Therefore, there were three separate
conditions, and the tests were repeated twice for each condition to check the
repeatability of the experiment. Time-averaged and standard deviation values of
the data obtained from all sensors during the experiment can be found in Table
4.4 and Tables A1.17 and A1.18 of Appendix 1. The data in Table 4.4 are used
to calculate correlations and non-dimensional numbers required for the
shadowgraphy test. Additionally, there are extra data recorded during the
experiments, which are presented in Tables A1.17 and A1.18 of Appendix 1, and
these data were not used in any calculations and only checked during the

experiments to get the proper results and for the safety of the experiments.
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Table 4.4. Sensor data 1.

Case P, [bar] T, [K] i, [gfs] T; [K] mi; [gls]
2 gls Average 2.030 496.36 75.15 385.90 2.06
[1°1 Deviation | +1.331x10-3 | +1.4104x102 | +4.267x10" | £1.8697x10-! | +6.47x10?
2 gls Average 1.998 496.62 74.56 376.60 212
2] Deviation | +2.066x10-3 | +1.7218x102 | +4.273x10" | £1.0432x10-! | +6.64x10?
3gls Average 2.060 496.71 75.30 377.37 3.05
(11 Deviation | +1.471x103 | +2.5002x102 | +5.227x10" | £3.0053x10-" | +6.88x102
3g/s Average 2.036 496.94 72.94 376.13 3.00
2] Deviation | +1.496x103 | +2.0448x102 | +5.656x10" | +5.8742x10-" | +8.12x102
4gls Average 2.072 497.59 75.90 372.56 3.86
(<1 Deviation | £1.679x103 | £9.9267x103 | +5.749x10"" | +3.1732x10"" | +6.39x107?
4gls Average 2.034 497.33 72.79 382.39 3.95
2] Deviation | +1.629x10-3 | +1.0789x102 | +4.355x10" | +2.4441x10-" | +1.16x10""

In the experiment, a Phantom V2640 high-speed camera was used to take photos

of the jet. The camera data taken during the experiment can be found in Table

4.5. The data in the table apply to all the separate measurements.

Table 4.5. Camera data.

Acquired Image Test Duration
Camera Sensor | Sensor FPS
Resolution Quantity [s]
Phantom RGB
Mono 512x1024 14080 93022 6.607
V2640 Cine
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The photos were not taken until the temperatures of crossflow, high-pressure
chamber, and the surface of high-pressure chamber were stabilized. After
stabilization, the experiments were carried out and photos of the jet in crossflow

were taken.

Before presenting the penetration experiment's results, some formulations must
be given to compare the findings with the literature. The experiment's findings are
compared with the correlations' results in Table 1.3. The related parameters and
their standard deviations were found using Equations 2.4, 2.5, 2.8-2.16, 4.8-4.11,
and 4.19-4.38.

S, = SP]' S,,], Spg Sug i
=ql(Z) +(22) +(-=2) +|-—2-2 (4.19)
I Pj vj Pg Ug

where S,, S,.,S,., S, and S, are the standard deviations in the momentum flux
Q> =pj j’ “Pg g

ratio, in the density of the jet, in the velocity of the jet, in the density of crossflow

and the velocity of the crossflow, respectively, g is the momentum flux ratio, p; is
the density of the jet, v; is the velocity of the jet, p, is the density of the crossflow

and u, is the velocity of the crossflow.

S Sp\?
S, =v|[—=) +[-= (4.20)
g ](W) ( W)

where S, is the standard deviation in the mass flow rate of the jet and m; is the

mass flow rate of the jet.
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Sp.\ Sr.\’
meol(7) ()]

where Sp, and Sr, are the standard deviations in the crossflow pressure and the
crossflow temperature, respectively, F; the crossflow pressure and T, is the

crossflow temperature.

u, = —2 (4.22)

where i, is the mass flow rate of the crossflow and A, is the cross-sectional area

of the test section. The dimensions of the produced test section were 20.03 x
30.03 mm.

S\ Sp.\
Su =ug|[=2) +-=2 (4.23)
e 0 [(mg> ( pg) ]

6 N2 6 \2 g2 1/2
Swe, = Weg [(f) +< %) + (—?") ] (4.24)
g g

where Swe, and S, are the standard deviations in the crossflow Weber number

and the surface tension of the jet, respectively, We, is the crossflow Weber

number and ¢ is the surface tension of the jet.
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The surface tension of the jet (JP-10) can be found using the Eotvos rule, which
is given in Equation 4.25 [70, 71].

M2/
o= keotvos(TC - T]) (,D_J> (4.25)
J

where k,,:,,s is Eotvos-Ramsay coefficient (2.1 x 107 J/K.mole??3) [70], T. is the

critical temperature of the jet [JP-10] (698 K [58]), T; is the temperature of the jet
and M; is the molecular weight of the jet [JP-10].

ST]- 2 ZSpj 2
So‘ =0 [(TC — T]) + <§E> ] (426)

1/2
S, \? S, S \2
SWeaero = Weaero <ﬁ) + (2 ﬁ) + <_ _U> (427)
Py Vj o

where Sy, is the standard deviation in the aerodynamic Weber number and

We,.r, is the aerodynamic Weber number.

S \2 /S s, \21?
5o = Re, |(222) 4 (2] 4 (-2 (4.28)
g g Pg Ug Hg
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where SRe, and Su, are the standard deviations in the crossflow Reynolds
number and the dynamic viscosity of the crossflow, respectively, Re, is the

crossflow Reynolds number, and p, is the dynamic viscosity of the crossflow.

1/2
35T, 2 St, 2
T _ 4.29
Sug = Mg [(2 Tg> +( Tg+110.4> (4.29)

S . \* /S S, \?
Sten = Recn (L) +(ﬁ) +(-ﬁ> (4.30)
Pg Ug Hg

where Sg, , is the standard deviation in the channel Reynolds number, and Re.,

is the channel Reynolds number.

SREj = Re]

2 271/2
(ﬁ) N (&) N <_E) ] (4.31)
Pj Vi Hj

where SRe; and Sy, are the standard deviations in the jet Reynolds number and

the dynamic viscosity of the jet, respectively, Re; is the jet Reynolds number, and

u; is the dynamic viscosity of the jet.

B1
T + B

W= exp( + BT, + ,[)’4Tr2) x 1073 (4.32)

where B, B,, B3 and B, are parameters for viscosity calculation [58], T, is the
reduced absolute temperature, which is given in Equation 4.8. The values and

standard deviation of the parameters are presented in Table 4.6.
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Table 4.6. Parameter values and associated standard deviations for Equation

4.32 [58].
Parameter Parameter Value Standard Deviation
B1 1.82400 0.0099
B2 -0.430094 0.0013
B3 -1.99450 0.025
Pa 0.370442 0.014

(%ﬁﬁ) ( [ . +/32)2 A +2ﬁ4T])
(4.33)

1/2

Sﬁz ﬁl 2 2
+<_(T +ﬁ)> +(533XTT) +(Sﬁ4XTr2)]

where Sg , Sp,, Sg, and S, are the standard deviations in the parameters for
viscosity calculation and S;_is the standard deviation in the reduced absolute

temperature.

Equations 4.34-4.38 represent the formulas for finding the standard deviation in
penetration height for the penetration correlations given in Table 1.3. Equations
4.34, 4.35, 4.36, 4.37, and 4.38 are used for the correlations of “Masuda and
McDonell,” “Bellofiore et al.,” “Ragucci et al.,” “Li et al.,” and “Eslamian et al.”
given in Table 1.3, respectively. The calculation results are presented in Tables
410 and 4.11.

2 1/2

S \2 S S, \?
S, =z (0.5—") +<—0.41 Weg) +<—0.027ﬁ> (4.34)
q We, Uj
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where S, is the standard deviation in the penetration height and z is the

penetration height.

Sq 2 Swe 2 SRe ?
S,=z (0.476—) +<—0.128ﬂ) +(0.135 9) (4.35)
q Weaero Reg
Sq\2 S 2 272
S, =z (0.422—") +<—0.015M) +<0.186ﬁ) (4.36)
q Wegero Ug
1/2
S,=z (0.4356—q> +(0.01147—22) +(0.295—% (4.37)
q We, T,
1/2
S\ Sre\2 Ske;\”
S, =z (0.3—q> +(0.12ﬂ> +( 014 (4.38)
q Re.p, Re;

Time-averaged and standard deviation values of non-dimensional numbers and

velocities of the experiments can be found in Tables 4.7 and 4.8.
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Table 4.7. Non-dimensional numbers of the penetration experiment 1.

U, [m/s] q Weg Wegero
Case

Avg. | Dev. | Avg. | Dev. Avg. Dev. | Avg. | Dev.

2g/s[1%] | 90.67 |+0.52 | 9.30 |+0.60 | 264.63 | +3.11 | 3.93 | +0.25

2g/s[2M] | 91.47 | +0.53 | 9.84 |:0.63 | 255.71 | +3.06 | 3.92 | z0.25

3g/s[1%] | 89.61 | t0.63 | 20.58 | +0.99 | 253.75 | +3.61 | 8.39 | +0.38

3g/s[2™] | 87.82 | +0.68 | 20.89 | £1.19 | 239.75 | £3.81 | 7.95 | :0.43

4g/s[1% | 89.96 |+0.69 | 32.30 | +1.21 | 252.24 | +3.90 | 13.09 | +0.45

4g/s[2M | 87.82 | +0.53 | 36.42 | +2.22 | 244.96 | +3.03 | 14.21 | £0.85

Table 4.8. Non-dimensional numbers of the penetration experiment 2.

Re, Re Re;
Case

Avg. Dev. Avg. Dev. Avg. Dev.

2 g/s[1%Y 246E+03 | +14.2 | 1.30E+05 | +749 | 6.24E+03 | +351

2 g/s [2"] 2.44E+03 | +14.5 | 1.29E+05| 763 | 5.84E+03 | +321

3 g/s[1% 247E+03 | #17.3 | 1.30E+05| 914 | 8.46E+03 | +429

3 g/s [2"] 2.39E+03 | +18.7 | 1.26E+05 | 987 | 8.20E+03 | +435

4 g/s [1%Y 248E+03 | +19.0 | 1.31E+05| +1005 | 1.01E+04 | +483

4 g/s [2"] 2.38E+03 | +14.5 | 1.26E+05| +766 | 1.15E+04 | 1632
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As Table 4.5 shows, 93022 photos were taken for each case. These photos were
averaged and processed using an image processor tool. The averaged and
processed photos are shown in Figures 4.9-4.11.

-

2 gls [15t test]

2 g/s [2n9 test]

Figure 4.9. Penetration of the jet for 2 g/s jet flow rate case.

3 g/s [15t test]

3 g/s [2M test]

Figure 4.10. Penetration of the jet for 3 g/s jet flow rate case.
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4 gls [15t test]

Figure 4.11. Penetration of the jet for 4 g/s jet flow rate case.

Using the averaged photos, penetration length and height were measured by
analyzing the grey value of pixels on the images, and they are given in Table 4.9.
The normalized penetration length and height values are also given in Table 4.9
since they are compared with normalized values in the literature. Analysis of the
grey value of pixels on photos is explained below for the 2 g/s [1st] case, and the

same methodology is used for other cases, too.

Firstly, a line was inserted in the photo in the crossflow direction, starting from
the injector's exit, to find the jet's penetration length. The inserted line in the photo
of the 2 g/s [1%!] case is shown as a yellow line in Figure 4.12. The grey value of
pixels on this yellow line was found using an image processing tool and is given
in Figure 4.13. The grey values were analyzed, and it was concluded that the
penetration length of the jet was not so clear due to the brightness of the photo,

and its value is set as an interval between 20-65 mm.
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Figure 4.12. The line inserted in the photo of the 2 g/s [15] case in the direction
of the crossflow starting from the exit of the injector to find the

penetration length of the jet.

2‘1}0:J
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Figure 4.13. The grey value of pixels on the line given in Figure 4.12 to find the

penetration length of the jet.

After finding the penetration length value, a line was inserted on the photo in the

middle point of the penetration length interval, which is 42.5 mm from the exit of
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the injector in the jet direction starting from the wall, to find the penetration length
of the jet. The inserted line in the photo of the 2 g/s [15!] case is shown as a yellow
line in Figure 4.14. The grey value of pixels on this yellow line was found using
an image processing tool and is given in Figure 4.15. Grey values of the photo
were analyzed, and the droplets' starting and ending points are provided by red
arrow arrows in Figure 4.15. Therefore, the penetration height of the jet is found,
which is the distance from the wall to the ending point of the droplets, as 12.9

mm.

]

Figure 4.14. The line inserted in the photo of the 2 g/s [15!] case in the middle
point of the penetration length interval, which is 42.5 mm from the
exit of the injector in the direction of the jet starting from the wall to

find the penetration length of the jet.
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Figure 4.15. The grey value of pixels on the line given in Figure 4.14 to find the
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penetration height of the jet.

Table 4.9. Penetration length and height results.

20

Case x [mm] x/d; z [mm] z/d;
2 g/s [1 20-65 38-124 12.9 24.6
2 g/s [29] 20-65 38-124 13.1 25.0
3g/s [1% 20-65 38-124 19.0 36.3
3 g/s [2] 20-65 38-124 19.5 37.2
4 g/s [19] 20-65 38-124 255 48.7
4 g/s [2"9] 20-65 38-124 25.9 49.4

Before discussing the results and comparing them with values given in the
literature, it was expected the results found in the current study to be different

from the values given in the literature since the experimental conditions of the
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current research, such as Weber number, crossflow temperature and pressure,
and the liquid jet type (JP-10), are different from the literature. The comparison
of the conditions of the current study and works in the literature can be seen in
Tables 4.4,4.7,4.8, and 4.12.

By analyzing the results given in Table 4.9, it can be said that penetration length
is identical for all cases. In the literature, the normalized value of the penetration
length is given constant for each case. In the current study, similar behavior was
observed where the normalized value of the penetration length of the jet was
found between 38-124. However, the normalized value of the penetration length
differs from the values in the literature, as seen in Tables 4.10 and 4.11. This was
an expected result since the current study's conditions differ from the literature.
The normalized values of the penetration length are between 12 and 40 in the

literature.

Moreover, as seen in Table 4.9, penetration height gets larger when the jet flow
rate is increased, and this result is reasonable since the momentum flux ratio
increases when the flow rate is increased. A higher momentum flux ratio makes
the jet penetrate further into the crossflow; the same trend was also observed in
the literature. Normalized values of the penetration height were found between
24.6 and 494 in the current study. On the other hand, they were calculated
between 15 and 33 using the correlation given in the literature (see Tables 4.10
and 4.11). As for the penetration length situation, the penetration height results
were also found to be different from the literature, which was also the expected

result.
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Table 4.10. Penetration calculations in the literature for the comparison with the
current study 1.

Masuda Bellofiore Ragucci
Avg. | Dev. Avg. | Dev. Avg. | Dev.

2 g/s [1% 12 10.6 | +0.3 12 15.1 | +0.5 12 15.2 | +0.4

2 g/s [2"] 12 11.0 | t0.4 12 15.5 | £0.5 12 156 | 0.4

3 g/s [1% 12 16.0 | t0.4 12 20.0 | £0.5 12 211 | t04

3 g/s [2"] 12 16.5 | +0.5 12 20.2 | +0.6 12 212 | +0.5

4 g/s [1%] 12 20.1 | £0.4 12 234 | +04 12 253 | #0.4

4 g/s [2M] 12 21.7 | £0.7 12 24.4 | 0.7 12 26.6 | £0.7

Table 4.11. Penetration calculations in the literature for the comparison with the

current study 2.

Li Eslamian
Case z/d; z/d;
x/d; x/d;

Avg. Dev. Avg. Dev.
2 g/s [1°] 40 18.1 +0.5 17 17.6 +0.4
2 g/s [2™] 40 18.6 +0.5 17 17.7 +0.4
3 g/s [19] 40 25.6 +0.5 17 23.3 +0.4
3 g/s [2"] 40 25.7 +0.6 17 23.2 +0.4
4 g/s [17 40 31.1 +0.5 17 27.4 +0.4
4 g/s [2™] 40 32.8 +0.9 17 28.8 +0.6
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In conclusion, the difference in penetration length and height measurement in the
current study from the literature might be the Weber number difference. In the
current work, crossflow and aerodynamic Weber numbers are between 239.75
and 264.63, and between 3.92 and 14.21, respectively (see Tables 4.7 and 4.8
for the details). On the other hand, the correlations in the literature were
developed for the crossflow and aerodynamic Weber numbers between 20 and
1630, and between 7 and 410.5, respectively (see Table 4.12 for the details).
Therefore, it can be said that Weber number values for the cases considered in
the literature are higher than those of the current study. Weber number is the ratio
of the crossflow's inertial forces to the jet's surface tension forces. Since the lower
Weber number values are analyzed in the current study, it might have caused the

jet to penetrate further into the crossflow.

Table 4.12. Non-dimensional numbers and conditions for the jet penetration in

the literature [4].

Reference q We, P, [bar] T, [K]

Masuda and McDonell [45] 2.2-75 700-1580 3.8-6.5 350-475

Weaero =
Bellofiore et al. [44] 12.2-71.4 10,20 300, 600
10.4-410.5
. Weaero =
Ragucci et al. [46] 5-280 20 600
7-340
Li et al. [47] 16-76 399-1630 5-20 280-650
Eslamian et al. [19] 10-80 20-487 21-52 298-573

To understand the penetration of the jet at HTP conditions, further experiments
are required, and a correlation needs to be developed for JP-10 with these

experiments and conditions.
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5. CONCLUSION

The injectors and atomizers are essential elements in today’s world. They are
used in a wide range of applications, from home appliances (shower heads) to
fuel injectors of any type of engine. Their applications can be as pressure swirl
atomizers of gas turbines and industrial furnaces, plain orifice atomizers of
internal combustion engines, ramjet/scramjet engines, fan spray atomizers of
disinfection devices for agriculture, rotary atomizers of paint lines, etc. Their
physical characteristics have not been fully understood, and therefore, they still

require deep research to develop system efficiencies.

In the context of this thesis, the liquid jet in subsonic crossflow was investigated
experimentally using plain orifice atomizers at HTP conditions. Two different test
setups were designed for penetration measurements via a high-speed camera,
velocity and diameter distributions measurement of droplets created in crossflow
and jet's far-field region by PDPA. The designed setups were produced,
endurance and leakage tests were performed for the produced parts, and it was
seen that they were ready for the usage of the tests. The produced test setups
were integrated into the test facility at TUBITAK SAGE, and preliminary tests with
shadowgraphy test setup assembly were conducted. It was seen that the
shadowgraphy test setup assembly works properly and is ready to use for future

work.

In the design phase of the test setups, 1-D isentropic calculations and numerical
analysis with CFD tools were used to design the setup correctly, and the results

of 1-D isentropic calculations and CFD analysis were found to be similar.

Ten different injectors were produced, and their discharge coefficient was

measured and found to be between 0.78 and 0.98.

An essential parameter for PDPA measurements, the attenuation coefficient for

JP-10 was measured and found to be between 0.00871 and 0.0115 mm™" at
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between 300 and 1100 nm wavelength, which was not given in the literature

before.

In the shadowgraphy test setup assembly, the penetration measurements of the
jet were conducted for three different cases using JP-10 as the jet's medium,
which was not presented in the literature before. There was a discrepancy
between the jet penetration results obtained in the experiments and those
calculated using the correlations. This was attributed to the different conditions of
the correlations compared to experimental conditions. Apparently, there is not a
single correlation in the literature that fully covers the conditions of this current
experimental study, and it was concluded that a new correlation is required for

the JP-10 jet and cases given in this study.

In the open literature, there is not much work by PDPA on the topic of liquid jets
in subsonic crossflow. Moreover, there are a few works on the topic by PDPA and
high-speed imaging at HTP. The designed test setups can be used in this region
to cover related problems. The findings of this thesis can also be used to develop
the associated systems further and understand the underlying physics. Once the
PDPA measurements are completed, the results can be utilized as validation data
sets for numerical models. Also, the produced and integrated test setups to the
test facility at TUBITAK SAGE are valuable contributions to TUBITAK SAGE’s
infrastructure, enabling more comprehensive studies about developing related

propulsion systems in the near future.

5.1. Recommendations for Future Work

The liquid jet in crossflow needs to be further investigated experimentally and
numerically. There is not much numerical work on the topic since the related
models are currently being developed due to the requirement for high
computational power. Since computational power has been significantly

improved lately, in the upcoming years, there will be a lot of work on the topic by
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numerical analysis, and they are deeply required. Therefore, recommendations

for future work can be listed as follows:

e For the given crossflow conditions in Table 2.3, experimentation of all

points needs to be completed,

e Other types of fuels or liquids could be used for the same conditions, and

the finding of each liquid can be compared,

e The conditions given in the literature could be repeated at the integrated

test setups, and results could be compared,

e Since the crossflow flow rate in the current study is 85 g/s at max, high-
speed subsonic conditions (>0.4 Mach) and high-pressure (>4 bar) could
not be included in the study. Therefore, the investigation for high-speed

and high-pressure conditions is required using JP-10 as a test liquid,

e Other injectors, e.g., pressure swirl atomizers, can be designed and
connected to the designed setup to investigate liquid sheets in subsonic
crossflow applications. The results can be compared with the current

study,

e Tests using PDPA on the setup need to be run to check the PDPA test
setup assembly works properly. Afterward, tests with PDPA for all
conditions need to be completed to contribute to the literature and develop

related system efficiencies,

¢ Numerical analysis for the liquid jet in subsonic crossflow for the conditions
given in this study needs to be done to understand further the underlying
physics, and the result of the analysis needs to be compared with the

results of tests done by PDPA,

e The designed setups can be further revised to investigate liquid jets in

supersonic crossflow applications.
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APPENDIX 1 - Extras

APPENDICES

Table A1.1. The required cross-sectional area of the test section.

Mach Total Pressure Total Temperature Required Cross-Sectional Area of
Number [bar] K] the Test Section [mm?]
393.15 1213.80
493.15 1359.44
’ 593.15 1490.91
673.15 1588.27
393.15 485.52
493.15 543.77
0.1 5
593.15 596.36
673.15 635.31
393.15 303.45
493.15 339.86
° 593.15 372.73
673.15 397.07
393.15 617.87
493.15 692.00
’ 593.15 758.93
673.15 808.49
393.15 247.15
493.15 276.80
0.2 5
593.15 303.57
673.15 323.40
393.15 154 .47
493.15 173.00
8
593.15 189.73
673.15 202.12
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Table A1.1. Continued.

Mach Total Pressure Total Required Cross-Sectional
Number [bar] Temperature [K] | Area of the Test Section [mm?]
393.15 424.29
493.15 475.20
’ 593.15 521.16
673.15 555.19
393.15 169.72
493.15 190.08
0.3 5
593.15 208.46
673.15 222.08
393.15 106.07
493.15 118.80
° 593.15 130.29
673.15 138.80
393.15 331.53
493.15 371.31
’ 593.15 407.22
673.15 433.81
393.15 132.61
493.15 148.52
0.4 5
593.15 162.89
673.15 173.52
393.15 82.88
493.15 92.83
° 593.15 101.80
673.15 108.45
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Table A1.1. Continued.

Mach Total Pressure Total Required Cross-Sectional
Number [bar] Temperature [K] | Area of the Test Section [mm?]
393.15 279.35
493.15 312.86
’ 593.15 343.12
673.15 365.53
393.15 111.74
493.15 125.14
0.5 5
593.15 137.25
673.15 146.21
393.15 69.84
493.15 78.22
° 593.15 85.78
673.15 91.38
393.15 247.73
493.15 277.45
’ 593.15 304.29
673.15 324.16
393.15 99.09
493.15 110.98
0.6 5
593.15 121.71
673.15 129.66
393.15 61.93
493.15 69.36
° 593.15 76.07
673.15 81.04
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Table A1.1. Continued.

Mach Total Pressure Total Required Cross-Sectional
Number [bar] Temperature [K] | Area of the Test Section [mm?]
393.15 228.17
493.15 255.54
’ 593.15 280.26
673.15 298.56
393.15 91.27
493.15 102.22
0.7 5
593.15 112.10
673.15 119.42
393.15 57.04
493.15 63.89
° 593.15 70.06
673.15 74.64

Table A1.2. Total pressure corresponding to 600 mm? cross-sectional area.

Mach Total Cross-Sectional Area of the Total
Number Temperature [K] Test Section [mm?] Pressure [bar]

393.15 600 4.046
493.15 600 4.531

0.1
593.15 600 4,970
673.15 600 5.294
393.15 600 2.060
493.15 600 2.307

0.2
593.15 600 2.530
673.15 600 2.695
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Table A1.2. Continued.

Mach Total Cross-Sectional Area of the Total
Number Temperature [K] Test Section [mm?] Pressure [bar]
393.15 600 1.414
493.15 600 1.584
0.3
593.15 600 1.737
673.15 600 1.851
393.15 600 1.105
493.15 600 1.238
0.4
593.15 600 1.357
673.15 600 1.446
393.15 600 0.931
493.15 600 1.043
0.5
593.15 600 1.144
673.15 600 1.218
393.15 600 0.826
493.15 600 0.925
0.6
593.15 600 1.014
673.15 600 1.081
393.15 600 0.761
493.15 600 0.852
0.7
593.15 600 0.934
673.15 600 0.995
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Table A1.3. The updated crossflow conditions.

Mach Total Pressure | Total Temperature | Required Cross-Sectional Area of
Number [bar] [K] the Test Section [mm?]
393.15 1213.80
493.15 1359.44
2.00
593.15 1490.91
673.15 1588.27
0.1
393.15 606.90
493.15 679.72
4.00
593.15 745.45
673.15 794.14
393.15 617.87
493.15 692.00
0.2 2.00
593.15 758.93
673.15 808.49
393.15 601.84
493.15 674.04
0.3 1.41
593.15 739.23
673.15 787.51
393.15 602.78
493.15 675.11
0.4 1.10
593.15 740.40
673.15 788.75
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Table A1.4. Maximum penetration height for HTP conditions for Bellofiore and

Ragucci when d; is 0.4 mm and m; is 4 g/s.

M [bF;‘r] TtIK] [:;r] ToKl | a | Weaero (B;[l?frig]re) (Rza[é,'l'l'ii)
01| 2.00 |393.15| 1.99 |392.37 | 389.44 | 26.34 25.54 27.80
0.1| 200 | 493.15| 1.99 | 492.17 | 389.44 | 21.00 25.35 28.73
01| 200 |593.15| 1.99 | 591.97 | 389.44 | 17.46 25.21 29.48
01| 2.00 |673.15| 1.99 | 671.81 | 389.44 | 15.38 25.12 29.99
01| 400 |393.15| 3.97 |392.37 | 194.72 | 52.67 18.46 20.53
0.1| 400 | 493.15| 3.97 |492.17 | 194.72 | 41.99 18.31 21.22
01| 400 |593.15| 3.97 |591.97 | 194.72 | 34.91 18.21 21.78
01| 400 | 673.15| 3.97 | 671.81 | 194.72 | 30.76 18.15 2215
0.2| 200 |393.15| 1.94 |390.03 | 99.42 | 25.95 14.65 15.62
0.2 | 200 | 49315 | 1.94 |489.24 | 99.42 | 20.68 14.53 16.14
0.2| 2.00 |593.15| 1.94 | 58844 | 99.42 | 17.20 14.45 16.56
0.2| 200 | 673.15| 1.94 |667.81| 99.42 | 15.15 14.40 16.85
03| 141 |393.15| 1.32 | 386.20 | 64.88 | 17.85 12.60 13.10
03| 141 | 49315 | 132 |484.43 | 64.88 | 14.23 12.50 13.54
03| 141 |593.15| 132 | 58266 | 64.88 | 11.83 12.43 13.89
03| 141 | 67315 | 132 | 661.25 | 64.88 | 10.42 12.39 14.13
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Table A1.5. Maximum penetration height for HTP conditions for Masuda, Li, and

Eslamian when d; is 0.4 mm and m; is 4 g/s.

Pt
[bar]

Py
[bar]

z [mm]
(Masuda)

z [mm]

TtK] (Eslamian)

Tg [K] q Wegq [mm]

(Li)

0.1 | 2.00 | 393.15| 1.99 | 392.37 | 389.44 | 35.88 60.10 33.59 19.40

0.1| 2.00 | 493.15 | 1.99 | 492.17 | 389.44 | 35.88 60.10 35.92 18.78

0.1 | 2.00 | 593.15 | 1.99 | 591.97 | 389.44 | 35.88 60.10 37.93 18.29

0.1| 2.00 | 673.15| 1.99 | 671.81 | 389.44 | 35.88 60.10 39.37 17.98

0.1 | 4.00 | 393.15 | 3.97 | 392.37 | 194.72 | 71.75 31.98 25.04 17.12

0.1| 4.00 | 493.15 | 3.97 | 49217 | 194.72 | 71.75 31.98 26.77 16.57

0.1 | 4.00 | 593.15 | 3.97 | 591.97 | 194.72 | 71.75 31.98 28.27 16.15

0.1| 4.00 | 673.15| 3.97 | 671.81 | 194.72 | 71.75 31.98 29.34 15.87

0.2 | 2.00 | 393.15 | 1.94 | 390.03 | 99.42 | 140.54 17.35 18.79 13.97

0.2 | 2.00 | 493.15 | 1.94 | 489.24 | 99.42 | 140.54 17.35 20.09 13.52

0.2 | 2.00 | 593.15 | 1.94 | 588.44 | 99.42 | 140.54 17.35 21.22 13.18

0.2 | 2.00 | 673.15| 1.94 | 667.81 | 99.42 | 140.54 17.35 22.02 12.95

0.3| 1.41 | 393.15| 1.32 | 386.20 | 64.88 | 215.36 11.76 15.64 12.34

0.3 | 1.41 | 493.15| 1.32 | 484.43 | 64.88 | 215.36 11.76 16.72 11.95

0.3 | 1.41 | 593.15 | 1.32 | 582.66 | 64.88 | 215.36 11.76 17.65 11.64

03| 1.41 | 673.15| 1.32 | 661.25 | 64.88 | 215.36 11.76 18.32 11.44
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Table A1.6. Maximum penetration height for HTSP conditions for Stenzler-1 and

Lakhamraju when d; is 0.4 mm and m; is 4 g/s.

M [b::r] Ti K] [::r] TolKl |« Weq (S;Lr:;:in (LailErannTr]aju)
04| 110 | 393.15 | 0.99 | 380.96 | 49.07 | 284.75 |  20.90 9.52
04| 110 | 49315 | 0.99 | 477.86 | 49.07 | 284.75 |  20.90 9.27
04| 110 | 593.15 | 0.99 | 574.76 | 49.07 | 284.75 |  20.90 9.07
04| 110 | 67315 | 0.99 | 652.28 | 49.07 | 284.75 |  20.90 8.94

Table A1.7. Maximum penetration height for HTSP conditions for Stenzler-2 and

Yoon when d; is 0.4 mm and m; is 4 g/s.

P: Pg z [mm] z [mm]
M [bar] Te K] [bar] Ty [K] q Weq (Stenzler-2) (Yoon)
04 1.10 393.15 0.99 380.96 | 49.07 | 284.75 26.78 16.56
04 1.10 493.15 0.99 477.86 | 49.07 | 284.75 26.78 16.56
04 1.10 593.15 0.99 574.76 | 49.07 | 284.75 26.78 16.56
04 1.10 673.15 0.99 652.28 | 49.07 | 284.75 26.78 16.56
Table A1.8. Parts of test setup assemblies.
Name Part/Standard Code Material Quantity Note
Blind flanae EN-1092- Stainless 1 )
9 1/05(B)/DN150/PN16 steel
Screw, M20X80 | SO 4017 M20X80 A2 Stgig':lss 24 -
Stainless
Nut, M20 1ISO 4032 M20 A2 steel 24 -
Washer, 20 ISO 7089 20 A2 Stainless 48 -
steel
Plenum chamber .
flange gasket ) Graphite 2 )

112




Table A1.8. Continued.

Name Part/Standard Code Material Quantity Note
Pressure sensor Kistler 4260A - 1 -
300BRBA10B1
OMO04-T115-16 2K-TT
Thermocouple and OM04-T115-50 2K- T type 4 -
TT
Surface
thermocouple . Ktype 1 )
Plug, NPT-1/8 : Stainless 2 :
steel
Male connector, Swagelok SS-100-1- Stainless 3 )
NPT-1/8 2BT steel
Plenum chamber ) See Section 1 )
assembly 241
Prelimingry Stainless
acceleration - 1 -
; steel
section
Male connector, Swagelok SS-100-1- Stainless 2 )
BSP-1/8-28 2RSBT steel
. See Section
Fuel supply line 1 - 247 1 -
Male connector, Swagelok SS-810-1- Stainless > )
UNF-3/4-16 8ST steel
High-pressure
chamber flange - Graphite 1 -
gasket
; See Section
Fuel supply line 2 - 247 1 -
Positionable elbow Swagelok SS-400-2- Stainless 1 )
4ST steel
There are three
Stainless different
Injector - 1 injectors. They
steel . i
are given in
Section 2.4.4.
Screw, M5X25 | 1SO 4762 M5X25 A2-70 | S'ainiess 16 .
Washer, 5 ISO 7089 5 A2 Stainless 52 -
steel
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Table A1.8. Continued.

Name Part/Standard Code Material | Quantity Note
Screw, M3X8 IS0 4762 M3X8 A270 | S8 | 5 ]
Washer, 3 ISO 7089 3 A2 Stainless | 5, ]
steel
Plug, M16 ) Stainless 1 i
steel
Optical
Test section window - grade 2 -
fused
quartz
Test section window Stainless
- 2 -
holder steel
Test section - Stainless 1 -
steel
Screw, M5X12 ISO 4762 M5X12 A2-70 Stz;g'eelss 36 )
Optical
High-pressure ) grade 2 )
chamber window fused
quartz
High-pressure .
chamber window - Stainless 2 )
steel
holder
High-pressure See It is only used in
chamber assembly, - Section 1 PDPA test setup
PDPA 248 assembly.
High-pressure See lsth': d%';\'/y rlfehd n
chamber assembly, - Section 1 graphy
shadowgraphy 249 test setup
o assembly.
It is used as a
Liquid sealant Loctite SI 5910 .RTV - sealant element
silicone for required
sections.
It is used as a
Teflon tape _ PTFE ) sealant elem_ent
for required
sections.
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Thermocouple for
measuring jet
temperature

Thermocouple for
measuring surface
temperature

Figure A1.2. PDPA Test setup assembly (view from both windows on the setup).
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Figure A1.3. Shadowgraphy test setup assembly (view from both windows on the

setup).

Table A1.9. Parts of plenum chamber assembly.

Name Part/Standard Code Material Quantity
Plenum flange EN'1092_1/01(?6)/DN150/PN10' Stainless steel 2
Plenum chamber ENISO 112.7 (oute-r dia.: 168.3 Stainless steel 1
mm, thickness: 4 mm)
Flow uniformity pipe flange | EN-1092-1/05(B)/DN50/PN10-16 | Stainless steel 2
. I EN ISO 1127 (outer dia.: 42.4 .
Flow uniformity pipe mm, thickness: 4 mm) Stainless steel 1
Pressure sensor fitting - Stainless steel 1
Thermocouple Fitting - Stainless steel 3
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4 mm

3 mm holes
(60)

4 mm

Pressure sensor|
fitting

NPT-1/4

Thermocouple
fitting

NPT-1/8

674 mm

Thermocouple

fitting
4

——NPT-1/8

Figure A1.4. Plenum chamber assembly (cross-sectional view 1).

Thermocouple
fitting

NPT-1/8

Figure A1.5. Plenum chamber assembly (cross-sectional view 2).




Connection interface
to fuel supply line-1

Connection interface
to test section Connection interface
to fuel supply line-2

Figure A1.6. Preliminary acceleration section (cross-sectional view).

Connection interface
to plenum chamber
assembly

Figure A1.7. Preliminary acceleration section (top view).
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Connection interface
to fuel supply line-2

Connection interface
to test section

Connection interface to
high pressure chamber

Figure A1.8. Preliminary acceleration section (bottom view).

Crossflow entrance
to test section

Connection
interface to plug,
M16 or injector

Connection
interface to plug,
M16 or injector

Crossflow and jet
mixture exit from
test section

Figure A1.9. Test section (cross-sectional view 1).
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Crossflow entrance
to test section

Figure A1.10. Test section (cross-sectional view 2).

Connection interface
to preliminary
acceleration section

Connection
interface to plug,
M16 or injector

Crossflow and jet
mixture exit from
test section

Figure A1.11. Test section (top view).
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Figure A1.12. Technical drawing of injector, 0.4 mm.
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2- AKS| BELIRTILMEDIKGE KESKIN KOSE PAHLARI 0.3:0.1X45°1" VE DIS KENAR VEYA IG KOSE RADYUSLARI
R0.320.1 OLACAKTIR
3- AKSI BELIRTILMEDIKCE ISLENMIS TOM YOZEYLER EN FAZLA, Ra 3.2um OLACAKTIR
4- BU BELGE ORON TANIMLAMASI VE KONTROLU IGIN ASME Y14.41-2012'E GORE HAZIRLANMIS 111007_R00
NUMARALI KATI MODEL ILE BIRLIKTE GECERLIDIR. MODEL UZERINDEN ALINACAK VERILER AKSI
BELIRTILMEDIKGE X.X ONDALIK DEGERINDE KULLANILACAKTIR.
| s [5]- MARKALAMA LAZER YONTEMI ILE VE YOKSEKLIGI 3 MM, DERINLIGI 30-100 ym, ARIAL YAZI TIPINDE,
| Y GOSTERILDIGI YERE SIVI PENETRANT MUAYENESI ONCES] UYGULANACAKTIR. MARKALAMA METNI
— = = “111007_RO0-KKK-SSSS® OLACAKTIR. "KKK" KAFILE, "SSSS* SER| NUMARASINI IFADE ETMEKTEDIR. KKK VE
19 $SSS NUMARALARI URETIM ASAMASINDA IDARE TARAFINDAN VERILECEKTIR.
51217 ST 6- BELIRTILMEYEN OLGULER KATI MODELDEN ALINACAKTIR.
AZ0 7- TALASLI IMALAT SONRASI MALZEME ASTM E1417 TIP 1 METOT A'YA UYGUN OLARAK SIVI PENETRANT
i MUAYENESINE TABI TUTULARAK MIL-STD-1907 SINIF A'YA GORE DEGERLENDIRILECEKTIR. CATLAK
20 GozL TIR
8- PENETRANT MUAYENES] SONRASI MALZEMEYE SAE AMS QQ-P-35 STANDARDINA UYGUN TIP VI KALITE
PASIVASYON ISLEMI YAPILACAKTIR.
9- PARGAYA BOYUTSAL KALITE KONTROL UYGULA. ASAGIDAKI ADIMLARIN KESINLIKLE KALITE KONTROL
SONRAS! YAPILMAS| GEREKMEKTEDIR
10- TEMIZLIK:

2420112\
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18402

26201
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B13:01 [LID@]A

/VIDANIN ALT KENARINA )
KESINLIKLE PAH VEYA| ~
- RADYUS KIRILMAYACAKTIR.

(=100.1m

5:0.1—~

17.00

DIKKAT

A) TEMIZLIK ISLEMI ASTM A380/A380M-13 BOLOM 4 6.2 VEYA 6.2.6'YA GORE UYGULANACAKTIR

WiEE a) TALASLI IMALATTAN GELEN PARGALARIN IG VE DIS YOZEYLERINI % 0.5 ORANINDA DETERUAN
KULLANILARAK HAZIRLANAN DETERJANLI SUDA PARGANIN HIBIR KISMININ YOZEY KALITESINI

(03 [&]Z02]A[8] BOZMAYACAK FIRGA VE HARBI YARDIMIYLA HASSAS BIR SEKILDE TEMIZLE.

b) DETERJANLI SU ILE YIKANAN PARGAYI SEBEKE SUYU ILE DURULA (1. DURULAMA),

© ) PARGAY| SEBEKE SUYU ILE DURULA (2. DURULAMA).

) PARGAYI [ZOPROPIL ALKOL HAVUZUNA DALDIR

) PARGAYI MIKROFIBER BEZ ILE IYICE SILEREK YAG VE DETERJANDAN ARINDIR.

1) PARGAYI SAF SU ILE IYICE DURULA.

0.5 MM'LIK DELIK ALT VE UST KENARI 11- PARGAYI TEMIZ, SAYDAM PLASTIK BIR MALZEME ILE PAKETLE VE AGZINI KILITLE.

KESKIN BIRAKILACAKTIR. PAH VEYA

RADYUS KIRILMAYACAKTIR.
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Figure A1.13. Technical drawing of injector, 0.5 mm.
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NOTLAR :

1- EN 10088-3 STANDARDINA UYGUN X2CrNiMo17-12-2 (1.4404) KALITE VEYA ASTM A 240 STANDARDINA

UYGUN UNS $31603 (AISI/SAE 316L) KALITE PASLANMAZ GELIK MALZEME KULLANILACAKTIR

2- AKS| BELIRTILMEDIKGE KESKIN KOSE PAHLARI 0.3:0.1X45"+1" VE DIS KENAR VEYA IG KOSE RADYUSLARI

R0.3:0.1 OLACAKTIR

3- AKSI BELIRTILMEDIKGE ISLENMIS TOM YOZEYLER EN FAZLA, Ra 3.2um OLACAKTIR

4- BU BELGE URON TANIMLAMASI VE KONTROLU IGIN ASME Y14.41-2012' GORE HAZIRLANMIS 111013_R00

NUMARALI KATI MODEL ILE BIRLIKTE GEGERLIDIR. MODEL OZERINDEN ALINACAK VERILER AKS]

BELIRTILMEDIKGE X.X ONDALIK DEGERINDE KULLANILACAKTIR.

[5} MARKALAMA LAZER YONTEMI ILE VE YOKSEKLIGI 3 MM, DERINLIGI 30-100 um, ARIAL YAZI TIPINDE,
GOSTERILDIGI YERE SIVI PENETRANT MUAYENESI ONCES] UYGULANACAKTIR. MARKALAMA METNI

*111013_R00-KKK-SSSS" OLACAKTIR. "KKK" KAFILE, "SSSS” SERI NUMARASINI IFADE ETMEKTEDIR. KKK VE

5555 NUMARALARI ORETIM ASAMASINDA IDARE TARAFINDAN VERILECEKTIR

6- BELIRTILMEYEN OLGULER KATI MODELDEN ALINACAKTIR.

7- TALASLI IMALAT SONRASI MALZEME ASTM E1417 TIP 1 METOT A'YA UYGUN OLARAK SIVI PENETRANT

MUAYENESINE TABI TUTULARAK MIL-STD-1907 SINIF A'YA GORE DEGERLENDIRILECEKTIR. GATLAK

GOZLENMEYECEKTIR.

8- PENETRANT MUAYENES| SONRASI MALZEMEYE SAE AMS QQ-P-35 STANDARDINA UYGUN TIP VI KALITE

PASIVASYON ISLEMI YAPILACAKTIR.

9- PARGAYA BOYUTSAL KALITE KONTROL UYGULA. ASAGIDAKI ADIMLARIN KESINLIKLE KALITE KONTROL

'SONRAS| YAPILMAS| GEREKMEKTEDIR.

10- TEMIZLIK:

DIKKAT

A) TEMIZLIK ISLEMI ASTM A380/A380M-13 BOLOM 4 6.2 VEYA 6.2.6'YA GORE UYGULANACAKTIR.

a) TALASLI IMALATTAN GELEN PARGALARIN IG VE DIS YOZEYLERINI % 0.5 ORANINDA DETERJAN
KULLANILARAK HAZIRLANAN DETERJANLI SUDA PARGANIN HICBIR KISMININ YUZEY KALITESINI
BOZMAYACAK FIRGA VE HARBI YARDIMIYLA HASSAS BIR SEKILDE TEMIZLE.

b) DETERJANLI SU ILE YIKANAN PARGAYI SEBEKE SUYU ILE DURULA (1. DURULAMA).

© ) PARGAY| SEBEKE SUYU ILE DURULA (2. DURULAMA).

d) PARGAYI [ZOPROPIL ALKOL HAVUZUNA DALDIR

€ ) PARGAYI MIKROFIBER BEZ ILE IYICE SILEREK YAG VE DETERJANDAN ARINDIR.

1) PARGAYI SAF SU ILE IYICE DURULA.

11- PARGAYI TEMIZ, SAYDAM PLASTIK BIR MALZEME ILE PAKETLE VE AGZINI KILITLE

I ITAK SAGEW (DN OLVADAN GOGALTRAMAL YAYINLANAVAZ
G i eI e G@
S £R GEGERLION  BEURTIMEOKCE KONTROLSUZ KOPYA'OR VE

s
B0YUTS

(-
T
i) AKSIBELRTILUEDIKGE.

IR
Fo ASUE Y14 10F GORE AZRLAVSTR
TSNIFolgt GEOMETRIK|

ASHE Y14 52009 UYGUNOUR
-NoT

e
ENJEKTOR. 0.6 MM 72395 | g

Figure A1.14. Technical drawing of injector, 0.6 mm.
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Polish Polish
2
6 £0.1
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32201 —tt=— [
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4
NOTES :
1 MATERIAL CERTIFICATE IS REQUIRED. EQUIVALENT GLASS SHALL BE CONFIRMED BY TUBITAK SAGE.
LEFT SURFACE RIGHT SURFACE
- GLASS: Oplical Grade Fused Quartz | R: =
Surtace Type: Plano Do 47017 - 1.45531 | Surlace Type: Plano -
Clear Aperture: 90% v Clear Aperture: 90%
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Figure A1.15. Technical drawing of test section window.
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Table A1.10. Parts of fuel supply line 1.

Name Part/Standard Code Material Quantity
. CFP TUBE-12.7x1.35-EN 10216- .
Fuel pipe 1 5-D4-T4 Stainless steel 1
Nut, 810 Swagelok SS-812-1 Stainless steel 2
Ferrule set, 810 Swagelok SS-810-SET Stainless steel 2
Fuel pipe-1 Nut, 810 and
Ferrule Set, 810
Nut, 810 and .
Ferrule Set, 810
Figure A1.16. Fuel supply line-1 (cross-sectional view).
Table A1.11. Parts of fuel supply line 2.
Name Part/Standard Code Material Quantity
. CFA TUBE-6.35x0.89-EN 10216- .
Fuel pipe-2 5-D4-T3 Stainless steel 1
Adaptor - Stainless steel 1
Nut, 400 Swagelok SS-402-1 Stainless steel 1

Ferrule set, 400

Swagelok SS-400-SET

Stainless steel

Nut, 810

Swagelok SS-812-1

Stainless steel

Ferrule set, 810

Swagelok SS-810-SET

Stainless steel
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Table A1.12. Parts of high-pressure chamber assembly, PDPA.

Name Part/Standard Code Material Quantity
High-pressure chamber ) Stainless steel 1
flange top
High-pressure chamber | £\ 1092_1/11(BYDN125/PN10-16 | Stainless steel 1
flange bottom
H!gh—pressure chamber - Stainless steel 2
window connection wall
High-pressure chamber, | EN ISO 1127 (outer dia.: 219.1 mm, Stainless steel 1
PDPA thickness: 5 mm)
Reducer 200 concentric reducer/EN 10253-3 Stainless steel 1
/219.1 x 5.0/139.7 x 4.0
Thermocouple fitting - Stainless steel 2

Connection interface
to preliminary
acceleration section

High-pressure
chamber flange top

High-pressure chamber
window connection wall

High-pressure chamber
flange bottom

Crossflow and jet
mixture exit

Figure A1.17. High-pressure chamber assembly, PDPA (cross-sectional view 1).
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/| High-pressure chamber
window connection wall

PDPA transmitter
side

Figure A1.18. High-pressure chamber assembly, PDPA (cross-sectional view 2).

Table A1.13. Parts of high-pressure chamber assembly, shadowgraphy.

Name Part/Standard Code Material Quantity
High-pressure chamber ) Stainless steel 1
flange top
High-pressure chamber | £\ 1092.1/11(BYDN125/PN10-16 | Stainless steel 1
flange bottom
H!gh—pressure cl_'lamber - Stainless steel 2
window connection wall
High-pressure chamber, | EN ISO 1127 (outer dia.: 219.1 mm, .
. . Stainless steel 1
shadowgraphy thickness: 5 mm)
Reducer 200 concentric reducer/EN 10253-3 Stainless steel 1
/219.1 x 5.0/139.7 x 4.0
Thermocouple fitting - Stainless steel 2
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Camera or light
source side

High-pressure chamber
' lwindow connection wall

Camera or light
source side

Figure A1.19. High-pressure chamber assembly, shadowgraphy (cross-sectional

A B | c |
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Polish Polish 2
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4
NOTES :
1- MATERIAL CERTIFICATE IS REQUIRED. EQUIVALENT GLASS SHALL BE CONFIRMED BY TUBITAK SAGE.
LEFT SURFACE MATERIAL SPEC. RIGHT SURFACE
Ri= GLASS: Optical Grade Fused Quartz | R: =
Surface Type: Plano i aomm o™ 1.47017 - 1.45531 Surface Type: Plano -
Clear Aperture: 90% ve- Clear Aperture: 90%
Chamfer: 0.3+ 0.1 x 45°+ 1* 0/ 10 Chamfer: 0.3+ 0.1 x 45°+ 1*
3/ M2 (A=632.8 nm) 1/2x0.4 3/ M2 (A=632.8 nm)
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Figure A1.20. Technical drawing of the high-pressure chamber window.
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Figure A1.21. Test section with window assembled.

Figure A1.22. Test setup sub-assembly view.
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Figure A1.23. Test section view from windows.

Table A1.14. The diameter of produced injectors.

Part Number Injector Diameter [mm]
109665-R00-LS001_0001 0.428
109665-R00-LS001_0002 0.392
109665-R00-LS001_0003 0.421
111007-R00-LS001_0001 0.524
111007-R00-LS001_0002 0.521
111007-R00-LS001_0003 0.520
111013-R00-LS001_0001 0.606
111013-R00-LS001_0002 0.629
111013-R00-LS001_0003 0.622
111013-R00-LS001_0004 0.624
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Table A1.15. Data of the discharge coefficient measurement experiment.

P Sp P S T St m t
Part Number flow flow amb Pamb flow flow fuel storage tank test
[bar] | [bar] | [bar] | [bar] | [°)C] | [°C] [a] [s]

109665-R00-

LS001_0001
(3gls

experiment)

3.454 | 0.180 | 0.865 | 0.001 | 11.610 | 0.013 90.69 31.22

109665-R00-

LS001_0001
(449/s

experiment)

5.806 | 0.181 | 0.859 | 0.001 | 22.608 | 0.019 123.89 30.66

109665-R00-

LS001_0001
(549ls

experiment)

8.721 | 0.217 | 0.859 | 0.001 | 20.521 | 0.024 160.99 32.50

109665-R00-

LS001_0002
(3gls

experiment)

4.166 | 0.202 | 0.864 | 0.001 | 10.833 | 0.006 95.39 32.40

109665-R00-

LS001_0002
(4 g/s

experiment)

5.873 | 0.184 | 0.859 | 0.001 | 21.038 | 0.016 115.53 30.46

109665-R00-

LS001_0002
(549/s

experiment)

8.789 | 0.216 | 0.859 | 0.001 | 20.374 | 0.025 150.15 30.96

109665-R00-

LS001_0003
(3gls

experiment)

3.993 | 0.192 | 0.865 | 0.001 | 11.640 | 0.013 93.15 30.75

109665-R00-

LS001_0003
(4 49/s

experiment)

5.836 | 0.192 | 0.859 | 0.001 | 22.014 | 0.013 120.15 30.62

109665-R00-

LS001_0003
(54gls

experiment)

8.725 | 0.218 | 0.859 | 0.001 | 20.898 | 0.010 156.02 31.11

111007-R00-

LS001_0001
(3gls

experiment)

2.287 | 0.197 | 0.864 | 0.001 | 12.418 | 0.017 89.86 30.05
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Table A1.15. Continued.

P Sp P S T St m t
Part Number flow flow amb Pamp flow flow fuel storage tank test
[bar] | [bar] | [bar] | [bar] | [°C] [°C] [a] [s]

111007-R00-

LS001_0001
(4 g/s

experiment)

3.135 | 0.159 | 0.863 | 0.001 | 12.899 | 0.014 119.46 30.85

111007-R00-

LS001_0001
(549/s

experiment)

4.737 | 0.157 | 0.859 | 0.001 | 20.064 | 0.009 156.55 29.74

111007-R00-

LS001_0002
(3g/s

experiment)

2.282 | 0.171 | 0.864 | 0.001 | 12.538 | 0.059 95.72 30.90

111007-R00-

LS001_0002
(449ls

experiment)

3.132 | 0.156 | 0.864 | 0.001 | 12.857 | 0.017 122.49 30.28

111007-R00-

LS001_0002
5gls

experiment)

4.643 | 0.163 | 0.860 | 0.001 | 20.661 | 0.015 163.43 30.24

111007-R00-

LS001_0003
(34gls

experiment)

2.267 | 0.142 | 0.866 | 0.001 | 10.701 | 0.010 96.14 31.18

111007-R00-

LS001_0003
(44gls

experiment)

3.123 | 0.174 | 0.865 | 0.001 | 10.534 | 0.015 126.42 31.25

111007-R00-

LS001_0003
(549/s

experiment)

4.359 | 0.183 | 0.866 | 0.001 | 11.100 | 0.007 156.34 31.16

111013-R00-

LS001_0001
(3g/s

experiment)

1.600 | 0.031 | 0.864 | 0.001 | 12.049 | 0.030 88.50 30.64

111013-R00-

LS001_0001
(4 g/s

experiment)

2.188 | 0.169 | 0.864 | 0.001 | 13.193 | 0.013 123.83 31.52
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Table A1.15. Continued.

P Sp P S T St m t
Part Number flow flow amb Pamp flow flow fuel storage tank test
[bar] | [bar] | [bar] | [bar] | [°C] [°C] [a] [s]

111013-R00-

LS001_0001
(549ls

experiment)

2.967 | 0.127 | 0.859 | 0.001 | 19.010 | 0.013 159.12 30.60

111013-R00-

LS001_0002
(3gls

experiment)

1.621 | 0.032 | 0.864 | 0.001 | 11.675 | 0.019 93.90 32.44

111013-R00-

LS001_0002
(4 g/s

experiment)

2.257 | 0.122 | 0.862 | 0.001 | 19.633 | 0.019 119.70 29.22

111013-R00-

LS001_0002
(54g/s

experiment)

2.935 | 0.116 | 0.860 | 0.001 | 19.412 | 0.022 160.79 31.27

111013-R00-

LS001_0003
(3gls

experiment)

1.584 | 0.035 | 0.864 | 0.001 | 11.242 | 0.028 90.48 31.41

111013-R00-

LS001_0003
(449/s

experiment)

2.263 | 0.142 | 0.861 | 0.001 | 21.651 | 0.013 124.93 30.38

111013-R00-

LS001_0003
(549ls

experiment)

2.949 | 0.134 | 0.860 | 0.001 | 18.940 | 0.014 163.00 31.34

111013-R00-

LS001_0004
(3g/s

experiment)

1.620 | 0.025 | 0.863 | 0.001 | 11.507 | 0.011 90.17 30.84

111013-R00-

LS001_0004
(4 g/s

experiment)

2.207 | 0.166 | 0.864 | 0.001 | 13.747 | 0.036 126.64 31.28

111013-R00-

LS001_0004
(549ls

experiment)

2.952 | 0.129 | 0.859 | 0.001 | 18.335 | 0.006 159.35 30.22
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Table A1.16. Transmittance and Attenuation Coefficient of JP-10.

Wavelength [nm]

Transmittance [%)]

Attenuation Coefficient [1/mm] x 10

300 81.83 87.09
310 76.72 115.1
320 76.57 115.9
330 76.63 115.6
340 76.58 115.9
350 76.54 116.1
360 76.61 115.7
370 76.69 115.3
380 76.67 115.4
390 76.58 115.9
400 76.61 115.7
410 76.69 1156.3
420 76.74 115.0
430 76.68 115.3
440 76.72 115.1
450 76.72 115.1
460 76.68 115.3
470 76.48 116.5
480 76.49 116.4
490 76.56 116.0
500 76.58 115.9
510 76.48 116.5
520 76.46 116.6
530 76.48 116.5
540 76.58 115.9
550 76.64 115.6
560 76.80 114.6

132




Table A1.16. Continued.

Wavelength [nm]

Transmittance [%)]

Attenuation Coefficient [1/mm] x 10+

570 76.86 114.3
580 76.84 114.4
590 76.82 114.5
600 76.83 114.5
610 76.88 114.2
620 76.89 1141
630 76.89 1141
640 76.86 114.3
650 76.86 114.3
660 76.83 114.5
670 76.83 114.5
680 76.82 114.5
690 76.73 115.0
700 76.72 115.1
710 76.77 114.8
720 76.71 115.2
730 76.63 115.6
740 76.65 1156.5
750 76.66 115.4
760 76.68 115.3
770 76.72 115.1
780 76.64 115.6
790 76.66 115.4
800 76.55 116.1
810 76.51 116.3
820 76.54 116.1
830 76.50 116.3
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Table A1.16. Continued.

Wavelength [nm] Transmittance [%)] Attenuation Coefficient [1/mm] x 10
840 76.47 116.5
850 76.46 116.6
860 76.35 117.2
870 76.44 116.7
880 76.44 116.7
890 78.44 105.5
900 78.45 105.4
910 78.42 105.6
920 78.43 105.5
930 78.39 105.7
940 78.39 105.7
950 78.34 106.0
960 78.33 106.1
970 78.30 106.2
980 78.25 106.5
990 78.28 106.4
1000 78.25 106.5
1010 78.27 106.4
1020 78.27 106.4
1030 78.29 106.3
1040 78.27 106.4
1050 78.25 106.5
1060 78.33 106.1
1070 78.43 105.5
1080 78.41 105.6
1090 78.33 106.1
1100 78.29 106.3
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Table A1.17. Sensor data 2.

Case D, [K] D, [K] D; [K] D, [K]
Average 460.87 462.05 410.44 290.80
2 gls [1%]
Deviation | +7.2026x102 | +1.2428x10"' +7.1299x10? 15.2148x103
Average 458.58 460.19 409.32 291.02
2 g/s [29]
Deviation | +1.0115x10-" +1.8838x10-" +2.9383x10-" 1+6.1221x103
Average 457.40 458.25 411.00 290.50
3 gls [15
Deviation | +5.2189x102 | +6.6914x102 | +5.0825x107? +4.7294x103
Average 456.39 457.30 409.19 290.87
3 g/s [279]
Deviation | +2.7949x102 | +8.3755x10% | +9.5507x1072 +8.7512x103
Average 454.28 454.85 409.50 290.00
4 g/s [19]
Deviation | +6.9424x102 +4.1213x102 +2.3672x102 +8.4657x103
Average 455.39 456.05 412.65 290.61
4 g/s [2M]
Deviation | +5.4072x102 | +5.8795x102 | +4.1278x107? 1+9.0540x103
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Table A1.18. Sensor data 3.

Case D5 [bar] Dy [K]

Average 2.203 164.14
2 gls [1%]

Deviation +3.084x102 +1.0517

Average 2.249 163.29
2 g/s [29]

Deviation +3.131x102 +1.5303

Average 2.906 167.38
3 gf/s [15Y

Deviation +3.064x102 +5.9375

Average 2.861 168.22
3 g/s [27]

Deviation +3.080x102 +6.7812

Average 3.769 169.20
4 g/s [19]

Deviation +3.208x102 +4.7207

Average 3.733 167.89
4 g/s [2M]

Deviation +3.103x102 +1.1904

In Table A1.17 and A1.18, D,, D,, D3, D,, Ds and Dy represent high-pressure
chamber temperatures 1 and 2, high-pressure chamber surface temperature, fuel

temperature and pressure before entering the injector in the conditioned fuel

feeding system, and flow rate in line 2, respectively.
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