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NOMENCLATURE

E, = Activation Energy

[CHy] = Concentration of C,Hy

1 = Mass flow rate

Sji = Mean Stress Tensor

Cus Cors Cozs Gl Turbulence Model Constants

Ry = Universal Gas Constant
2D = Two Dimensional

3D = Three Dimensional
Eqv_local = Local Equivalence Ratio
Eqv_overall = Overall Equivalence Ratio
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HTM = High Temperature Mixedness
ILIP = Jon Probe

K = Entrainment Constant

k = Turbulent Kinetic Energy
LHV = Lower Heating Value

M = Mach Number

P = Turbulence Production

P,PT = Pressure Transducer

PDE = Pulsed Detonation Engine

S = Source Terms

t = Time

T,TC = Thermocouple

U,V = Velocity

WRCVC = Wave Rotor Constant Volume Combustor
€ = Turbulent Dissipation
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v = Viscosity

p = Density

O, O¢ = Turbulence Model Constants
T = Ignition Delay Time

[0) = Equivalence Ratio

® = Specific Dissipation Rate
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ABSTRACT

Wijeyakulasuriya, Sameera D. Ph.D., Purdue University, December 2011. Transient and
Translating Gas Jet Modeling for Pressure Gain Combustion Applications. Major
Professor: Razi Nalim. School of Mechanical Engineering.

Major mechanisms governing the mixing process of a gas injected into a long confined
chamber is analyzed when there’s a relative motion between the two. Such applications
arise in a wave rotor combustor (WRCVC) where the moving combustion chambers
receive gas from stationary injectors for fueling and ignition. Counter rotating vortices
govern the mixing process in such problems, which moves across the channel enhancing
mixing. The actions of vortices were seen to localize the injected gas in the vicinity of the
injector end wall which can prove advantages during fueling to make a rich mixture near
the ignition source and during hot gas injection for ignition to minimize the drop of
temperature. The vortex structures can alter the exit conditions of the injector due to its
strong near field interactions. The confinement is also important in which it suppresses
the development and motion of such vortices and hence affect mixing. The thesis
discusses several important features in a WRCVC. Namely, the effect of a combustion
channel being opened to the preceding exit port prior to its opening to the gas injectors,

on mixing of injected gas with channel gases.
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xxii

This prior opening was seen to deposit vorticity on the channel wall which gets convected
along them. This convecting vorticity resulted in enhanced jet penetration. The effect of
combustible mixture non-uniformity on ignition success of a WRCVC was also analyzed
using 2D and 1D computations. The predictions are validated against measured data from
a WRCVC test rig. Ignition locations and combustion pressures were successfully
predicted. Limited 3D computations of the hot gas jet mixing with the channel gases were
carried out and measure temperature data from the WRCVC test rig was used to verify
the axial penetration predictions of the jet. A methodology is proposed to quantify the
level of mixing and ignition success by comparing the amount of injected gas inside the
channel which is above a certain threshold temperature and mass fraction limits, to the
total amount of injected mass trapped inside it at that particular time. Conclusions were
made on the level of mixing and the ‘ignitability’ of the mixture by looking at the time

variation of these defined quantities.
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CHAPTER 1. INTRODUCTION.

1.1 Introduction

Turbulent passive scalar mixing takes place over a wide range of length scales. The
largest length scale can be in the order of geometry length scales while the smallest be in
the order of Kolmogorov length scale. At the largest length scales advection plays a
decisive role in redistributing the scalar and gradient diffusion is observed, while at
smallest length scales mass diffusion drives the scalar mixing. In order to accurately
predict the scalar mixing process, all these length scales needs to be resolved in space and
in time. This is a daunting process even for today’s computers when the geometry length
scales increase. This is why direct numerical simulations (DNS) are still not very
common. The problem analyzed in this thesis is quite challenging to be solved using
DNS due to geometry size (30” x 2.5” x 2.5”), transient mass addition, mesh motion and
transonic flows, and available computational resources. Large eddy simulations would be
the next to DNS in terms of accuracy of the predictions which also require substantial
computational resources. The computational resources available and the expected
turnover time to produce results only allowed the author to use URANS simulations.
Chapter Six discusses the computational resources which were available to the author in

detail.
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The turnaround time for results were governed by the expectations of the industrial
sponsor who sponsored this research and the time lines for set for the designing,
manufacturing, testing, data analysis and reporting phases of the WRCVC test rig. This
information is disclosed in expectation to better orient the reader in understanding the

content of this thesis.

The originality of this thesis comes from the originality of the problem analyzed. Not
often applications are found when there's relative motion between the combustion
chamber and the ignition source. The only example other than the one being analyzed in
this thesis which is known to the author is the rotary/wankle engine. Couple of marked
differences between the rotary engine and the WRCVC is that the combustion chambers
in the WRCVC are long (aspect ratio of the chambers are high) compared to the rotary
engine and the use of shock waves for mixture compression in the WRCVC. A jet of hot
combustion products was used as the ignition source of this combustor. Ignition by a hot
gaseous jet has been analyzed by many in the past. However most of such applications
were related to fire and explosion safety and hence inhibiting of ignition and combustion
were focused upon. Although some knowledge existed in using such gas jets to promote
ignition, a detailed analysis on the mixing process has not been carried out. This is the
second contributing factor towards the originality of this work in which a detailed
explanation is presented for the fluid dynamics governing the mixing of injected hot gas
and chamber gases using numerical simulations. This developed methodology was used
to predict ignition and combustion of the WRCVC in conjunction with other numerical

codes and have shown to agree well with measured experimental data. The author could
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not perform a direct verification of the predictions due to the unavailability of test results.
However some experiments performed recently at the Combustion and Propulsion
Research Laboratory (CPRL), Indiana University-Purdue University Indianapolis (IUPUI)
on ignition of combustible mixtures using moving hot gas jets, verify the large scale

structures of the jet as predicted by the simulations given in this thesis.

1.2 Chapter Contents

The thesis first introduces the notion of pressure gain combustion and discusses different
ways in which it can be achieved in Chapter 2. A detailed description is provided on the
WRCVC operation and performance based on the initial testing carried out in 2009.
Other pressure gain devices such as pulsed combustors, pulsed detonation engines,
dynamic pressure exchangers, wave disk engines and continuous detonation engines have
been introduced briefly and referenced to popular work. This thesis analyses only the

translating jet related issues in WRCVC.

Turbulent transient gas jet theory is reviewed briefly in Chapter 3. Since direct
experimental results were not available to verify the numerical predictions of translating
jets, the robustness and accuracy of the numerical code used was tested against three
different jet flow problems for which experimental results were found. First a steady state
jet in a co-flow was modeled for which published experimental and numerical results
were available. Source terms were added in the turbulent diffusion equation to better
predict the vortex stretching capability of the RANS turbulence model used. This

correction was shown to improve predictions. The second and third cases used were of
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transient jets. Satisfactory predictions were achieved which match the experimental data.
The chapter is concluded by an introduction to the challenges of turbulence modeling of

transient translating gas jets.

The motivation for the work and technical challenges faced is presented in Chapter 4.
Mixing mechanisms in the WRCVC is discussed in detail followed by the need for
combustible mixture stratification. The merits of mixture stratification are discussed and
experimental data is presented to show how mixture stratification was achieved in the
preliminary WRCVC tests. A formal introduction was given next, to the two translating
gas jets found in a WRCVC. Relative importances of each are discussed. Hydrocarbon
ignition delay time is discussed in Chapter 5 along with some preliminary analysis
performed to predict the ignition delay times of hot gas jet ignited mixtures using
empirical correlations. The computational resources available are presented in Chapter 6

along with the grid and time step independence studies carried out.

Translating gas jet analysis performed in 2D are presented in Chapter 7 while the 3D
analysis is presented in Chapter 10. The effect of mixture non-uniformity near the
ignition source is discussed in detail in Chapter 8 using 2D mixing predictions and 1D
combustion predictions. The predictions are compared against experimental test data
from the WRCVC. Due to the extremely high cost in performing 3D computations using
the available resources, special emphasis was given to 2D analysis. In order to verify the
applicability of the 2D results in representing the 3D problem a comparison was carried

out using 2D and 3D predictions.
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CHAPTER 2. PRESSURE GAIN COMBUSTION.

The scarcity and increased use of fossil fuels has been a concern all over the world for the
last few decades. The adverse effects of greenhouse gasses and other emissions have
added to the complexity of the problem and have increased the urge to find effective
solutions. Generally continuous combustion processes generate no work output or
pressure rise from the large gas expansion, resulting in loss of energy that could
potentially be recovered. Industrial and home furnaces, gas turbine engines, and thermal
power plants which account for the majority of fuel consumption worldwide, all

significantly suffer from this energy conversion loss during the combustion processes.

Current combustion engine technologies have matured to a point where incremental
improvements in performance are limited by available improvements in component
efficiencies. Given the limitations of component efficiency and materials, there are
fundamental thermodynamic limits on the performance of conventional gas turbine
engine cycles based on the Brayton gas power cycle, i.e., those using constant-pressure
heat addition processes. Alternatively, positive-displacement internal-combustion (IC)
engines generate pressure-gain and increased work availability by utilizing confined
intermittent combustion despite the relatively low-power density and low-piston speed

limit their applicability.
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Confined combustion processes have clear energy efficiency benefits and significant
energy savings can be achieved from non-continuous, constant volume combustion
processes. Inherently intermittent constant volume combustion combined with steady-
flow compression and expansion turbomachinery can benefit from both gas turbine and
IC engine operational principles. Combustion events temporarily confined in flow
channels and aided by wave compression may provide a fundamental change in the gas

power cycle.

Pressure gain combustion creates a rise in average total pressure at the exit of the
combustor, compared to its inlet. Kentfield (1988) defines a pressure-gain combustor “as
having substantially steady inflow and outflow, although nonsteady processes occur
within the combustor system in order to generate a higher stagnation pressure at the outlet
than at the inlet.” Pressure gain combustion can be achieved by either deflagrative or
detonative combustion. Reciprocating IC engines, pulsed combustors, deflagrative
WRCVCs, pulsed jets are examples of devices utilizing deflagrative pressure gain
combustion. Pulsed detonation engines, rotating detonation engines, and detonative
WRCVCs are examples of developed non-steady engines to achieve detonative pressure

gain.
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Figure 2.1. Efficiency of a simple gas turbine versus pressure gain (Figure (a) taken
from Gemmen et al., 1995 and (b) calculated by the author for the same input values
specified by Gemmen et al., 1995).

Compared with constant pressure combustion systems, constant volume combustion
systems produce a greater available energy in the end-state gas. Figure 2.1 shows how the
efficiency of a simple-cycle gas turbine can be increased with pressure gain across the
combustion chamber. Here, the pressure gain is shown as percent increase from
compressor exit stagnation pressure to turbine inlet stagnation pressure. The figure was
based on an analysis assuming thermodynamically ideal conditions for all components
and a specific heat ratio of 1.4. The compressor pressure ratio was assumed to be 10, and
the temperature ratio across the combustion chamber was assumed to be 4.5. Figure 2.1
(a) shows that at the maximum pressure gain achieved (about 25%), the efficiency is
more than 54% as compared to the ideal constant pressure cycle efficiency of about 48%.
Hence, if the maximum pressure gain can be achieved, then a boost of nearly 6% can be
obtained. Such an increase in efficiency can reduce fuel consumption by more than 12%

for comparable systems (Gemmen et al., 1995).
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2.1 Pulse Combustors

Pulse combustion and its application has been widely recognized, tested, and reported
(Porter, 1958, Thring, 1961, Muller, 1971) and experimentally demonstrated (Kentfield
& Yerneni, 1985, Kentfield & O’Blenes (1987), Kentfield & Fernandes (1990), and
Kentfield, 1990) to achieve pressure-gain combustion in gas turbines. The oscillatory
combustion process in the combustor can produce a stagnation pressure gain, rather than
a pressure loss, associated with conventional, steady combustion. If properly utilized, this
pressure gain can improve the cycle efficiency, depending on the operating conditions
(Richards, et al., 1994) and lower NOx emissions in some applications (Corliss et al.,
1984). Using the same type of combustor, pulsejet engines have been used to power
pilotless aircraft. For instance, the ‘buzz-bomb’ of WW-II was powered by a pulsejet

engine.

Using analytical methods, Lampinen et al. (1992) found that the cycle efficiency of a gas
turbine engine can be improved by as much as 8% in certain applications. Kentfield &
Fernandes (1990) achieved a pressure gain of 4% of the gas turbine compressor delivery
pressure for a mass flow rate of 0.15 kg/s. Valved pulse-jet combustors have a set of one-
way valves through which the incoming air enters, illustrated in Figure 2.2. When the air-
fuel mixture is ignited, the valves slam shut which means that the hot gases can only
leave through the tailpipe, thus creating forward thrust and/or high pressure. Combustion
is re-ignited by the interaction of fresh mixture with the hot combustion products from
the previous cycle. In a valve-less (aerodynamically valved) pulse combustor, oscillating

gas motion is used to sustain the combustion process. With appropriate timing of the

www.manaraa.com



unsteady gas flows, the fluid motion is similar to the piston and valve assembly in an IC
engine, yet without the complexity of moving parts. After confined combustion
producing pressure-gain, the subsequent wave motion exhausts the combustion products,
then recharges and compresses the combustor for the next cycle. A related device is the
pulse detonation engine (PDE), which has achieved some prominence in military research

(Roy et al., 2004).

MIXING CHAMBER DEFLECTORS
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Figure 2.2. Air-valved direct fueled pulse combustor, typical layout (Top) and main
phases (Bottom).
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2.2 Wave Rotor Constant Volume Combustors

The Wave Rotor Constant Volume Combustor (WRCVC) exploits pressure waves to
accomplish shock-wave pre-compression, constant-volume combustion, and rapid
expansion of combustion gases all in one unit. It is a compact, high-flow rate pressure-
gain combustor, consisting of an array of combustion channels arranged around the axis
of a cylindrical drum. As schematically shown in Figure 2.3, the drum rotates between
two end plates each of which has a port controlling the fluid flow through the combustion
channels. The inlet port allows premixed air-fuel mixture to flow sequentially into the
rotating combustion channels as they come into alignment with the port. After
combustion within the rotating channels, exhaust gases are purged through the exit port.
Combustion channels are periodically charged and discharged as they rotate and meet
inlet and outlet ports, initiating compression and expansion waves within the WRCVC
channels. Combustion in each channel is ignited either by a mounted igniter or by
injected gases from a previously combusted channel. Based on design objectives,
combustion modes may include premixed turbulent deflagration or detonation (Nalim,

1999).
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Figure 2.3. Wave Rotor Combustor Schematic and Developed View of a Typical
Cycle.

Fast combustion combined with quick gas expansion would allow reduction in hot gas
residence time that dominates nitrogen oxide formation. Akbari & Nalim (2006)
numerically showed that the outlet flow of a detonative WRCVC is more uniform than of
a comparable PDE, due to the fast rotation and large number of combustion channels.
This favors turbine blades in gas turbine applications. Additionally, higher pressure gain
is produced due to the mixture pre-compression by a hammer shock which does not exist

in typical PDEs.

There had been only two major reported WRCVC test rigs built anywhere in the world.

The first one was built and tested in the early 1990s by Asea Brown Boveri (ABB) in

Zurich, Switzerland. The program was abandoned in 1994 due to lack of commercial
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viability foreseen. The second test rig was built by Rolls Royce, North America in
collaboration with [UPUI and Purdue University in mid 2000s. This test rig was built and
tested in 2009 successfully. The program is still active. The work presented in this thesis

was done in support of this test rig

2.2.1. Asea Brown Boveri (ABB) Test Rigs (1989 — 1994)
In the period of 1991 — 1992, ABB built a single-channel constant volume combustor
(CVCO) test rig to investigate fundamental aspects of CVC, such as conditions for reliable
ignition and the level of NOx emissions. The test rig was a stationary single combustion
channel with revolving slotted disks functioning as the inlet and exit valves. The
combustion channel was designed stationary to facilitate optical observation of ignition
and combustion. The combustion channel was 165 mm long with cross sectional area
dimensions of 15x15 mm using a quartz window on one side for optical access. Initially,
ignition was initiated using three conventional automobile spark plugs placed along the
bottom surface of the combustion channel. Premixed air and Propane was used as
reactants. The revolving disks were rotated by an electric motor. An optimum ignition
method was sought by varying parameters such as the disk rotational speed, supply
pressure of the combustible mixture, and the air fuel ratio. It was later decided to employ
the spark plugs only during start-up and auto-ignition by a re-circulated hot gas jet during
the full operation, which would prove the test rig to be self-sustaining. Thus, a separate
combustion channel as ignition source was used for ignition in the steady operation.
Turbulent flame speeds of 15 — 44 m/s were observed with equivalence ratios up to 1.6

resulting in successful combustion. The maximum combustion pressure was observed at
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an equivalence ratio of 0.9. A NOx emission value of 20 ppm was measured which was

attributed to short combustion durations (1- 6 ms)

rotating disc shutters

iy
| Eae

Inlet Air-Fuel
Mixture

Figure 2.4. ABB Single combustion channel CVC test rig designed and tested during
1991-1992. The test rig permitted to vary the pressure and temperature of the air-fuel
mixture, mixture equivalence ratio, the rotational speed of the disks which acted as
ports. The quartz window facilitated optical access.

With the experience and knowledge gained from the single channel test rig, ABB
designed a rotating, 36 combustion channel CVC test rig in 1991 and tests started in 1992.
It was a counter flow design where the inlet and exit ports were on opposite sides of the
rotor. Same combustion channel dimensions as the stationary single channel were
retained, i.e. 165 mm length and 15%15 mm cross section. The rotor diameter was 200
mm and the wall thickness between two combustion channels were 2 mm. Single channel
tests had shown that direct injection of fuel into the channel produced an inhomogeneous
mixture and resulted in a very slow diffusion flame. Hence in the 36 cell rotating channel

design, a homogeneous mixture of air-fuel was used by injecting fuel into air upstream of
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the rotor plane and also by using vortex generators to enhance fuel-air mixing.
Combustible mixture stratification was achieved by using four different injection nozzles.
Complete scavenging of the exhaust gasses were not achieved in one single sweep
(Weber, 1997). For complete scavenging two exit ports, one at high pressure and one at
low pressure was used. Combustion using different kinds of fuels was investigated. A
mixture of natural gas, propane, and hydrogen improved flammability. Similar to the
single-channel rig, during startup spark plugs were used to ignite the mixture. There was
one spark plug at each end of the combustion channel to simultaneously initiate ignition

from both ends, and another pair for the second cycle.

An ignition burner using pressurized air and propane was used as an alternative to the
spark plugs. These burners were mounted in the stator where the spark plugs were
mounted, and injected exhaust gas into the combustion channels. However these did not
give successful combustion initiation (Weber, 1997). For continuous self sustained
operation, recirculated hot gas, taken at the end of the combustion zone was injected back
to the combustible mixture to be ignited. Maximum combustion pressure of 9 bar
recorded. Weber (1997) discusses several issues faced during experiments which had
limited the attainable maximum combustion pressures. Despite relatively successful

preliminary results, the management discontinued the project in 1994.
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Figure 2.5. ABB 36 Combustion Channel, Counter Flow CVC (Walraven, 1994).
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2.2.2. Rolls Royce, IUPUI, and Purdue Test Rig (2009 — Present)
A wave rotor constant volume combustor was designed, built and successfully tested as a
collaborative work between Rolls-Royce North America, Indiana University-Purdue
University Indianapolis (IUPUI), and Purdue University (Figure 2.6). Initial tests were
conducted in 2009 to investigate operational characteristics of the combustor. Successful
combustion was achieved at multiple test conditions enabling to assess the effects of fuel-
air ratio, and the level of combustible mixture stratification on combustor performance.
The viability of the concept for use in a pressure-gain engine has been demonstrated.
Matsutomi et al. (2007) give details of the design of this test rig and the experimental
data are presented and analyzed by Matsutomi et al. (2010), Elharis et al. (2010) and

Elharis et al. (2011).

s

‘ “nm'rr |

Figure 2.6. WRCVC Test Rig.
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The rig included the inlet, exhaust, rotor, seal plates, ignition source, fuel injectors, and
the electrical motor. The WRCVC used ethylene as the fuel due to its low ignition delay
times. The test rig was run at 2100 rpm during the initial tests with mass flow rates of 9-
10 Ibm/sec. Experiments were run for short combustion durations (on the order of 1-3
seconds) to keep the rotor temperature within the design limit, which was demonstrated
to be sufficient time to establish a repeating cycle. The inlet port was circumferentially
1040 in extent and the exit port was 1190 allowing the combustible mixture to enter and
exit the combustion channels. The inlet flow was turned through inlet guide vanes to
match the rotor tangential velocity. The fuel injection tubes were located on the upstream
side of the inlet port. There were 15 fuel injectors in the circumferential direction (Figure

2.7).

The fuel distribution is controlled by the number and location of active fuel injectors. The
injectors are designed to promote a uniform reactant mixture at the entrance to the rotor.
The rotor consisted of 20 circumferentially located combustion channels, at a radius of 9
inches. The approximate size of each combustor was 2.5 x 2.5 x 31 inches. Selected
combustion channels were instrumented with thermocouples, pressure transducers, and
ion probes along the flow path as shown in Figure 2.8. Channels 1, 6, 11, and 16 were
instrumented which were at 900 intervals. Several thermocouples and pressure
transducers were installed in the inlet duct, exit duct, and on end plates as well. The
exhaust duct was mounted on the opening of the seal plate. It routed the exhaust products
away from the test rig and as designed did not attempt to capture work available in the

exhaust gases. The exhaust was connected to ambient. A converging-diverging nozzle
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was used as the torch igniter, burning propane/air which was used as the ignition source
for the rig. The igniter was mounted on the exhaust end seal plate. The torch igniter was
designed to operate continuously regardless of the unsteady events occurring within the
WRCVC passages. The continuous operation of the igniter eliminated the need for
motion synchronization with the rotor. It operates at approximately one percent of the

WRCVC mass flow.

s ) Filler section
Flow straightener vane

Figure 2.7. Fuel Injectors Injecting Across the Inlet Air Flow. The Injectors are placed
in the Air Flow Path inside the Inlet Air Duct (right).

Figure 2.9 illustrates channel pressure variation at 7 inches away from the inlet end wall
for 3 different operating conditions along with a one dimensional numerical simulation
which were matched for experimental test conditions (Elharis et al., 2010). A strong
expansion fan is generated (1 in Figure 2.9) upon the opening of the combustion channel

into the exit port in the firing phase. It can be seen how the channel pressure goes below
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the supplied pressure from the inlet when combustion takes place. This creates the
pumping action of WRCVC. This affects the inlet flow rate into the test rig and since the
flow rate was held constant, total pressure was seen to drop in the inlet duct. This
pressure drop was an indication of the pressure gain achieved by this test rig and
Matsutomi et al. (2010) reports it to be 1.5 psia for the conditions tested and with open
clearances. The wave denoted by ‘3’ is the hammer shock generated due to stopping of
flow, when exit port closes. This wave is reflected off of the inlet side end wall (denoted
by ‘4’) as the inlet port is closed before this hammer shock reaches the inlet end. Under
perfect flow conditions, considering only one single shock wave traveling from the exit
end to the inlet end stopping the flow behind it, wave ‘4’ should not exist. This exists
because there are residual waves traveling in the combustion channel giving rise to non-
zero gas velocity, even when both ends of the channel are closed. Wave ‘4’ can be seen
to reflect off of the exit end of the combustion channel as ‘5. The multiple waves seen
here is due to the initiation of the torch igniter which gives rise to subsequent ignition as

indicated using ‘6’ and ‘7’.
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Figure 2.8. A developed view of the WRCVC test rig (right) showing the
instrumentation on 4 combustion channels which are 90° apart (left).

Sustainable combustion was achieved successfully as can be seen from the high
frequency (10K Hz), in-channel pressure transducers and ion sensors in Figure 2.10. High
frequency pressure data from two different channels (at similar locations on the
combustion channel) is shown in Figure 2.11. The repeatability of the combustion
process is further illustrated from this as the pressure data from these transducers is seen
to overlap precisely on one another. Ethylene was used as the fuel for all the tests and the
combustion failed to occur for mixtures with overall equivalence ratio below 0.7 and
local equivalence ratio 1.2. Overall equivalence ratio was calculated using the total
amount of fuel and air supplied, where as local equivalence ratio only takes into account

the air from the portion of the duct with active fuel injectors.
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Total pressure measurements at the exit duct are shown in Figure 2.12. Total pressure
probe P14 records the highest pressure while the probes in the middle of the channel
records almost atmospheric pressure. Probes P18 & P19 which are towards the trailing
edge of the exit duct record ~18 psia. An arithmetic average of the area weighted
pressures gives a discharge pressure of 18 psia (Matsutomi et al., 2010). Using one
dimensional numerical simulations to provide a distribution of the mass flow out of the

device, the mass averaged total discharge pressure is 20 psia (Snyder et al., 2011).
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Figure 2.9. Pressure variation at a location 7 inches away from the inlet end wall
(shown using the black arrow on the contour plot (right). The numbers in the line plot
(left) and on contour plot of log density (right) shows the major pressure waves of
interest. The three phases shown in the line plot (left) corresponds to; Cold phase —
only air was supplied through the WRCVC, Torch phase — torch igniter was turned on
while the air flows through the WRCVC, Firing phase — Fuel is turned on while both
the torch igniter and air flow is turned on. Combustion happens in the Firing phase.
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Figure 2.10. Ion and pressure sensor data showing the repeatability of the
combustion event. The combustion period shown is ~0.8sec which includes 28
combustion cycles. The locations of measurement are shown highlighted in black

circles (top).
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T T
o e ol e R 3
P1 : :
757 I S A . Sy — .
K2 s et SEEE B e oo i
é H H H H .
e ;
S O e e L S D S (e S e Spasisaay R G ST 4
£ | P19 5
& : sl e
P18: : ]
16 pB AL e i A o s
P15} i Wi ; | i
" : E : CTNPIETTTTT C
1 L L | L | Il
212:5° 213 24356 244 2145 215° ;2155 216 2165 217
Time (s)

Figure 2.12. The total pressure measurements in the exit duct showing that the major
variations in pressure are spatial not temporal. The area averaged total pressure at the
exit is 18.1 psia showing pressure gain.
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The percentage of chemical energy in fuel, used for pressure rise of the gasses in the
WRCVC, is calculated next. A wide range of test cases were run using the current
WRCVC (Matsutomi, et al., 2009) and one representative test case (Table 2.1) was

selected to carry out this analysis.

Table 2.1. A Representative Combustion Test Case of WRCVC.
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lbny/s | Ibm/s | Ibm/s | psia sec = ©

1 | Firing | 942 | 0.562 | 0.17 | 20.17 1.46 Yes 1.2 2078 | 3-11 C,H,

Case 1 given in Table 2.1 corresponds to case A in Elharis et al., 2011, where the gas

dynamics and combustion performance of which are discussed in detail.
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Figure 2.13. Experimental and numerical pressure traces of Case 1 along the
combustion channel. The experimental pressure traces plotted were that for a single
cycle to better illustrate the pressure waves (Elharis, et al., 2011).

It can be seen from Figure 2.13 (taken from Elharis, et al., 2011), that the pressure inside
the combustion channel just before the exit opens (at 316°) was ~90 psia. Assuming this
is the average pressure on the entire cycle (which is a pretty good assumption when
looking at the pressure tracers in figure 2.13), the pressure rise inside the combustion

channel due to combustion is ~60 psia (pre-combustion pressure is 30 psia). The total
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volume of the combustion channel is 3.17¢-03 m”>. In order to raise the pressure of this
volume by 60 psia, the energy needed is 1.3 kJ. Assuming all fuel supplied from the inlet
port was retained inside the channel without any spillage (as per Elharis, et al., 2011),
1.6e-03 kg of fuel was trapped inside a single combustion channel (as per 2078 rpm, fuel
supplied from injectors 3-11 and 0.562 Ib/sec fuel flow rate) prior to combustion. Taking
the LHV of ethylene to be 47MJ/kg, the energy released from the fuel is 60 kJ, assuming
complete combustion of all fuel. The percentage of energy released from the combustion,

used for pressure rise in a single combustion channel then comes out to be 2.2%.

2.3 Wave Rotors (Dynamic Pressure Exchanges)

Dynamic pressure exchangers or wave rotors use pressure waves to exchange energy
between two gasses with minimal mixing between the two. Wave rotors operating under
a variety of wave cycles have been successfully used for different applications such as the
Comprex® automotive diesel engine supercharger (Berchtold, 1985), and the ‘wave
superheater’ - a unique high-enthalpy continuous-flow wind tunnel for studying
atmosphere re-entry aerodynamics (Rose, 1979). A comprehensive review on the wave
rotors is reported by Akbari et al. (2004). Figure 2.14 is a schematic of a four-port
dynamic pressure exchanger integrated with an external combustion chamber. Despite the
pressure loss in the combustor, the turbine inlet stagnation pressure can still be more that
the compressor exit pressure placing the dynamic pressure exchange in the category of
pressure gain devices. Snyder (1996) predicted that the wave-rotor-topped Allison 250-

C30 turbo shaft engine can produce 11.4% more shaft horsepower (+20% specific power)
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with a 22% decrease in engine SFC at a 100% power setting (at 1930°F turbine inlet

temperature).

Conventional
steady flow
combustor

Y

Compressed air

to combustor _~

N High pressure burned

gas from combustor

Low pressure air

from compressor ~

S i
/'/ 1
2 ‘ Expanded burned

gasto turbine

Figure 2.14. Schematic of a four-port Dynamic Pressure Exchanger/Wave Rotor.

2.4 Wave Disk Engines

The Wave Disk Engine (WDE) is a WRCVC with radial combustion channels. It takes
advantage of centrifugal forces to improve the compression process and flow scavenging.
Curved channels of the WDE further can allow direct work extraction due to change in
angular momentum of the exiting flow. Fresh fuel-air mixture enters from the inner
radius and mixes rapidly with hot residual gas from previous combustion (Figure 2.15).

In contrast to the axial-flow WRCVC, the radial inflow and centrifugal motion of denser
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fresh mixture can aid rapid mixing in the flow direction. The combusted products leave
as a jet with both radial and tangential momentum, imparting a reaction force that spins
the rotor and generates work output. Piechna et al. (2004), and Akbari et al., (2008)

provide further details on this concept.

Constant Volume
Combustion

Figure 2.15. Schematic of a Wave Disk Engine
(1) Hot burnt gas moving towards the inner radius. (2) Combustion. (3) Fresh
combustible mixture moving towards the outer radius.

2.5 Rotating Detonation Engines

In the past, the focus of detonation research has primarily been on pulsed detonation
engines (PDEs). Recently, however, detonation research has begun to also focus on
rotating, or continuous, detonation engines (RDEs). Since RDEs do not need long
exhaust tubes, RDEs can be shorter than equivalent PDEs (Russo, 2011). Also, RDEs
could work more efficiently with a turbine since the exhaust from the RDE would
provide the turbine a continuous stream instead of a series of pulses. The Rotating
Detonation Engine (RDE) represents a new method of detonation-based engines. It
provides the thermodynamic advantages of detonation-based combustion with nearly
constant thrust and a simpler overall design (Lim, 2010). RDE has the potential to be

employed in a wide range of platforms such as missiles, fighter aircraft and unmanned
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aerial vehicles (Lim, 2010). The RDE relies on a detonation mode of combustion similar

to what is used on the Pulse Detonation Engine (PDE).

A rotating detonation engine is a relatively simple mechanical device that feeds
propellants axially into an annular combustion chamber. The basic idea behind the RDE
is the generation of a detonation wave that rotates around an annular combustion chamber
formed by two concentric cylinders, producing thrust that is nearly continuous as
combustion products are expelled out of the RDE. The detonation wave propagates
around the annulus of the combustion chamber near the propellant injector holes (Figure
2.16). The detonation wave does not exit the RDE as it would in a PDE. The detonation
products flow axially downstream in the combustion chamber, following the bulk flow,
and exit the open end of the combustion chamber. Unlike a PDE, RDEs have no check
valve to ensure there is no back flow into the feed lines. Therefore, the propellant feed
pressure must be high enough to prevent any hot detonation products from flowing back
into the propellant lines. Additionally, the propellant feed pressure needs to be large
enough to reestablish flow into the combustion chamber after the detonation wave has
passed. The final restriction on the propellant feed pressure is that it must be high enough
such that an adequate amount of combustible mixture has refilled the combustion

chamber by the time the detonation wave has completed one revolution of the annulus.
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Figure 2.16. Schematic of a Rotating Detonation Engine (Lim, 2010).

The process is initiated by injecting a combustible mixture via the inlets into the chamber.
Once the chamber is sufficiently filled, a detonation wave initiator will send a detonation
wave tangentially into the mixture. A high-pressure deflagration wave then propagates

for a short distance and forms a rotating detonation wave. The rotating detonation wave
will continuously propagate at the CJ velocity. The detonation wave will be continually
supplied with freshly injected combustible mixture. The products and oblique shock

waves will exit from the outlet. Thrust is generated by the acceleration of the combustion

products.
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CHAPTER 3. TURBULENCE MODELING OF GAS JETS.

3.1 Introduction

The turbulent free jet has been analyzed extensively in the past using analytical (Fanil
and Dash, 1983), experimental (Townsend, 1956, Hinz, 1959, Schlichting, 1958), and
numerical (Kawanabe, et al., 2007) approaches. The behavior of the jet in terms of its
mean and fluctuating velocities, temperatures and concentrations of chemical species
have been studied using the above approaches. The problem of a jet flow in the presence
of confining walls is also studied in the past, although may not be up to the extent of a
free jet. The two-dimensional, or plane, jet immersed in a secondary stream of
approximately uniform and constant velocity has been studied experimentally by
Weinstein, Osterle & Forstall (1956). His results, for various ratios of secondary and jet
velocities, have been shown by Spalding (1958) to be essentially functions of a single
independent variable. Ferguson (1949) has measured the mean velocity field of a two-
dimensional jet immersed in a duct. Curtet (1958) has also reported measurements for
this case, and Craya & Curtet (1 955) have developed a method of calculating the flow

field assuming the external stream to be a potential flow.
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Experimental data on the axisymmetric jet in an external stream of approximately
constant velocity have been provided by Forstall & Shapiro (1950), Landis & Shapiro
(1951) and Pabst (1944). Using Prandtl’s mixing length theory, Squire & Trouncer (1944)
and Szablewski (1946) have developed momentum integral equations with which to
calculate the flow field. Considerable data has been provided by Hembold, Luessen &
Heinrich (1954) and Becker, Hottel & Williams (1962) for confined axisyrnmetric flows
on which the walls exert a dominating influence. Arcoumanis et al. (1988) analyzed the
penetration of high density transient jets injected into quiescent chamber containing air at
atmospheric temperature and various pressures has been measured by using laser beam
deflection. They showed that the jet penetration increased with jet to chamber density

ratio and decreased with chamber pressure.

It is important to understand and determine the entrainment of surrounding gas into the
injected gas jet in many applications. In the current WRCVC (Matsutomi, et al., 2010),
the primary fuel is injected into the main air flow and is expected to mix well, before it
enters the combustion chambers (Wijeyakulasuriya, and Nalim, 2008). The pilot fuel
injected just before the igniter is expected to mix well with the combustion chamber gas
to make a locally rich combustible mixture near the igniter. The injected hot gas jet used
as the igniter is expected to increase the temperature of the combustible mixture in the
channels without diluting it much. All these different processes have different
requirements on mixing and hence on the amount of gas entrained. Direct injected IC
engines (gasoline and diesel) are some other applications where the surrounding gas

entrainment into the transient jets is of importance. Several works can be found in the
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open literature on the determination of entrainment in steady free gas jets. Ricou and
Spalding (1961) measured the mass entrainment rate in gas jets as a function of axial
distance and the ratio of injected gas density to the surrounding gas density, using a
porous cylinder and estimating the mass flux into it as a function of axial distance. They
came up with the following equation which expresses the normalized entrained mass flux

in terms of the normalized axial distance:

)=, :K[ﬁj pu) G.1)
i, d\p. ) ~ '

where K is the entrainment constant whose value was equal to 0.32 according to Ricou
and Spalding (1961). However Abraham (1996) found that this measured entrainment
constant can vary in the range of 0.2 to 0.457 in the far field of steady gas jets. Crow and
Champagne (1971) showed that the entrainment in the near field is less than in the far
field of a steady, free gas jet. Hill et al. (1972) also showed experimentally that the
entrainment is less in the near field than the far field, and the value of the entrainment
constant increases with axial distance in the near field. This increase of entrainment
constant with the axial distance in the near field, was confirmed by Wall et al., (1980).
Song and Abraham (2003) present mathematical equations for entrainment for transient
round, radial, and wall impinging jets. They (Song and Abraham, 2003) further compared
the entrainment characteristics of these three types of jets and found that the radial jet
penetrates less but entrains more mass than the round jet. The wall impinging jet,

approximated as a half-radial jet was found to penetrate less and entrain more mass than
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the round jet. It can be seen from Equation (3.1), the amount of gas entrained increases

with the increase of surrounding gas density. In a WRCVC, the hot gas jet is injected into
the combustion channel, after the hammer shock has compressed it. Hence the density of
the combustion channel gas is higher than that of ambient gas which results in higher gas

entrainment into the hot gas jet.

The standard k-¢ turbulence model calculates the velocity field of a two-dimensional
plane jet quite accurately, but large errors occur for axisymmetric jets (Pope, 1978), with
spreading rate overestimated by about 40%. Experimental data indicate that the round jet
spreads about 15% less rapidly than the plane jet; yet, its calculated spreading rate using
k-& model is 15% greater. Pope (1978) attributed this discrepancy to ring vortex
stretching in axisymmetric jets by the action of strain rate produced by the velocity
gradients. The vorticity of the large turbulent motions tends to be aligned with the mean-
flow vorticity in the mean flow, and is stretched with it, leading to greater scale reduction,
greater dissipation, less kinetic energy, and so to a lower effective viscosity, and incorrect
spreading rates of axisymmetric jets. Pope proposed a modification to the diffusion
equation in the standard k-& model, to capture vortex stretching phenomena in flows such
as round jets and radial jets. Using this modification, Rubel (1985) calculates the growth
rate of a round jet to be 28% less than that predicted from the standard k- e model, and
very good agreement with experiments is shown for round jets (Rodi, 1972), but not so

well for radial jets experiments (Tanaka, 1976 & Witze, 1976).
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The standard k-¢ turbulent model also works poorly for complex turbulent shear layers,
such as flows subjected to curvature and rotation. Cheng (1990) described how the
streamline curvature alters the turbulent structure. Cheng & Farokhi (1992) proposed a
modification to the standard k- € model by incorporating an extra rate of strain to
calculate the eddy viscosity, using the Jones-Launder length-scale model and Prandtl-
Kolmogorov formula. The high Reynolds number k-& model, used in this analysis (see
Equations 7.1 and 7.2) incorporates compressible effects in the turbulent diffusion
equation (Tahry, 1983). However, this model does not take into account the effects of

streamline curvature or vortex stretching.

The RANS turbulent models usually require wall functions to model the flow within the
boundary layer where the molecular and turbulent effects are comparable in magnitude.
The widely used standard wall functions assume that the flow property variations are
predominantly one dimensional and normal to the wall, negligible pressure gradients and
body forces inside the layer, shear stresses and velocity vectors are aligned inside the
layer, balance of turbulent production and dissipation and linear variation of turbulent
length scales. A “non-equilibrium wall function” can also be used, where the assumption
of negligible pressure gradients inside the layer is relaxed. This type of a formulation
might be important in modeling a propagating shock wave through an already established

flow (and hence a boundary layer).
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3.2 Confined Turbulent Flow Modeling - Test Cases

Three test cases were selected to model using the same numerical code used in this thesis,
to verify its applicability and the quality of its predictions in modeling confined shear
flows, by comparing against measured test data. First, a co-flowing steady, confined air
jet is modeled using modifications to the RANS turbulence models. This is relatively a
simple shear flow problem involving the development of the shear layer between the jet
and the co-flowing air. The second case was a transient 2D multiple confined jet mixing
problem which involves multiple shear layer development and gas mixing. Finally a
transient hot gas jet used for igniting a combustible mixture is used to model the
development of this high temperature jet in a confined volume. Measured jet penetration
until the combustion was initiated was used to verify the non-reacting flow numerical

predictions.

3.2.1. Case 1- Steady Confined Co-flowing Jet
The first representative problem was analyzed (Bouzada et al., 2010) to evaluate the
applicability and limitations of the RANS models for a confined shear flow. The case
selected was an air jet interacting with a co-flowing air stream inside a confined chamber
(Figure 3.1, not to scale). The radial and longitudinal profiles of axial velocity were

compared against the measured experimental data.
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Figure 3.1. Steady Axis-symmetric Round Jet in a Co-flow (Page, 1998).

In this analysis, the vortex stretching correction for the turbulent diffusion equation was
used to improve the predictions. Pope(1978) corrects for vortex stretching by adding a
term in the right hand-side of the transportation equation for the dissipation rate

(Equation 3.2):

De 0 Mg | O 82( P }
—=——|—+—|C,——C_,+C , 3.2
Dt ax( O-g Jaxi k el c g2 53;( ( )
where
2
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A linearized form of the source terms was implemented in this analysis for greater
numerical stability. This correction term () in the dissipation equation (Equation 3.3)
gives rise to numerical convergence issues, and hence many (Davidenko, 2005) have

used a limiter to achieve convergence (Equation 3.4):

9Zlim)' (34)
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The linearization of the three source terms are performed as follows:
S=S1P-S2Px¢,

S1P=C,C,, pkP,

(3.5)

2
ou. oU.) U. 2
S2P:C82pi ‘ll.pcs.%[ -— J] _jk_

ox,  Ox,

; x, &

As shown in Equation 3.5, S represents the source terms in the turbulent dissipation
equation. S/P is the constant term and S2P is the linear term with respect to e. A
subroutine was written to add the correction term into the turbulent diffusion equation as
shown in Equation 3.5. Davidenko (2005) presents an excellent description of this
limiting vortex stretching formulation, along with a comparison of different limiters. The
method proposed by Davidenko(2005) to limit the vortex stretching correction is adopted

in the current analysis with more careful grid generation in regions with high shear stress

gradients.

With a turbulent inlet velocity profile specification, it was found that the model
predictions for the radial velocity, agreed well with the experimental results at 2 mm
downstream the injector (Figure 3.3). The current analysis is done on a much refined
mesh than the one used by Davidenko (2005) (Figure 3.2), which has resulted in better
predictions as can be seen in Figure 3.3. Figures 3.4 & 3.5 show the radial velocity at a
further downstream centerline location (70 mm from injector exit) with uniform and fully
developed turbulent inlet velocity profiles respectively. For the uniform velocity profile,
the predictions from the high Reynolds number k-¢ model used, matches very well with

the experimental data than other models considered (Figure 3.4). However away from the
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centerline, the model predictions are more comparable for the same problem. The
standard k- model with limited Pope correction (y;;,=0.143) shows very good agreement
to the experimental results of centerline axial velocity (Figure 3.6). However, this model
shows a slight over prediction of axial velocity beyond ~180 mm, in which regions the
SST k-w (Menter, 1994) and the high Reynolds number &-¢ (Tahry, 1983) models showed
good agreement with experimental data (Figure 3.6). The Standard k-¢ model with limited
Pope correction ( y;;,,=0.143) can be seen superior in predicting the radial flow in the case

of a turbulent inlet velocity profile, compared to other turbulence models used.
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Figure 3.2. Grid Density near Injector, where the Vorticity Gradients are high.
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== High Reynolds number k- model
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Figure 3.3. Radial Velocity Profile Predictions using Different RANS Models, at
2mm Downstream of Jet Exit for a Fully Developed Turbulent Jet Inlet Velocity

Profile, compared with Experimental Data (experimental data was unavailable
beyond ~3.5 mm) (Bouzada, 2010).
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Figure 3.4. Radial Velocity Distribution Predictions using Different RANS
Models, at 70mm Downstream of Jet Exit for a Uniform Jet Inlet Velocity
Profile compared with Experimental Data (Bouzada, 2010).
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Figure 3.5. Radial Velocity Distribution Predictions using Different RANS
Models at 70mm Downstream the Jet Exit for a Fully Developed Turbulent Jet
Inlet Velocity Profile compared with Experimental Data (Bouzada, 2010).
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Figure 3.6. Longitudinal Velocity Distribution Predictions using Different RANS
Models, on the Jet Axis (¥=0 mm) for a Fully Developed Turbulent Jet Inlet
Velocity Profile, compared with Experimental Data (Bouzada, et al.,2010).

3.2.2. Case 2 — Transient Confined Multi-jet Mixing
The second type of confined shear flow investigated is the mixing of two gaseous jets of
different compositions inside a confined channel. This was experimentally and
numerically investigated by Tseng et al., (2009). The problem was set up two-
dimensionally and solved using a time accurate implicit solver. The two gases being
injected are nitrogen and helium, while the chamber is initially filled with nitrogen. The
experimental setup was arranged horizontally with a nitrogen inlet in the center, while
two helium jets flowed on either sides of it (Figure 3.7). Initially, the chamber was filled
with nitrogen, under atmospheric conditions; nitrogen is injected first into the chamber,

followed by the injection of helium. The experimental results show that the fluid behavior
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is not symmetrical although the geometry is symmetrical: the nitrogen jet deviates from

the centerline toward the top confining walls (Figure 3). In the experiment (Tseng, 2009),

the time-dependent nitrogen mole fraction was measured at four downstream locations

from the jet exit plane which are used for comparison with numerical results.

E
E
L 101 mm L 203 mm L .
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@ E £ 25 mm
- o~ Y
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N2z — - -X Virtual domain
He —

Figure 3.7. Configuration for Nitrogen & Helium Jet Mixing

(Reproduced from Tseng et al.,2009).

The results presented here are using a preliminary coarse grid. An extra semi-circular

domain was added at the end of the computational domain to allow for pressure

variations at the exit of the channel. In order to correctly predict the fluctuations seen in

the experiments, a much finer grid is required. This is left as future work.
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Figure 3.8. Comparison of Experimental (PLIF) Mass Fraction of N, and Numerical
Predictions of N,.

It can be seen from Figure 3.8 that the coarse mesh used in the current simulation did not
capture small scale vortices and their behavior. However, the large scale behavior (the
asymmetry of the jet) was captured in this simulation. This asymmetric jet behavior was
seen by many (De Zilwa et al., 2000, Sheen et al., 1997, Fearn, et al., 1990, Patel and
Drikakis, 2003, Drikakis, 1996) in sudden expansion flows and was attributed to unstable
flow bifurcation occurring beyond a certain critical flow Reynolds number at jet exit. It
can be seen from Figure 3.9 that the coarse mesh predictions are able to capture the
trends of N, mole fraction variations. Although the numerical simulations of Tseng et al.,
(2009) was using a finer computational mesh than the one used in the current analysis,

the predictions of which do not match the experiments well.
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Figure 3.9. Comparison of N, Mole Fraction Variations at Two Locations, RB and LB
in the Channel.
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3.2.3. Case 3 — Transient Confined Hot Gas Jet
The third case simulated was of a transient jet generated from a pre-combustion chamber,
igniting a fuel air mixture inside a long combustion chamber. For the purpose of this
thesis, only non reacting jet penetration results are presented. The test rig used is

described briefly in Chapter 5, and in detail in Perera, 2010.

Main-Combustion Chamber Pre-Combustion Chamber

The channel The channel
length B length
concealed concealed

t=0.4 ms

Figure 3.10. Numerical Predictions and High Speed Camera Images from Experiments of
the Transient Jet, Generated in the Pre-Combustion Chamber Entering the Main
Combustion Chamber.

As can be seen in Figure 3.10, ~2 inches of the main-combustion chamber is concealed
from the injector side. The four red vertical dotted lines in Figure 3.10 mark this
concealed 2 inches. The dotted line boxes (also in red) mark the boundaries of the main-

combustion chamber. The numerical simulation performed was a 3D URANS simulation.
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The pre-combustion chamber was initialized with an averaged total pressure during a
selected time duration. This duration is from the time the diaphragm (which is in between
the pre-combustion chamber and the main-combustion chamber) ruptures until
combustion starts in the main-combustion chamber. This time is also defined as ignition
delay time for these experiments by Perera, 2010. The total temperature inside the pre-
chamber was initialized at the adiabatic flame temperature of the mixture used. The main-
chamber was initialized with atmospheric pressure and temperature as were used in the
experiments by Perera, 2010. SST k-omega turbulence model was used for modeling
turbulence with the standard wall functions being used to better predict near wall flow.
Since the transient jet is not a continuous jet, the numerical formulation of the problem as
an initialization problem is satisfactory. Combustion kinetics was not modeled in the
numerical computations. Figure 3.11 shows the development of the jet in 3D using the

0.01 iso-surface of the injected gas mass fraction.
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t=0.0 ms t=0.06 ms t=0.08 ms t=0.14 ms

Pre-combustion Chamber

Nozzle
Main-combustion Chamber

t=0.315 ms t=0.485ms

Figure 3.11. Transient Development of the Jet. Time t=0 ms Corresponds to the
Diaphragm Rupture Event.

The comparison of axial penetration predictions of the jet with that of the experiments is
shown in Figure 3.12. The experimental data for jet tip penetration was obtained by
visual inspection of the high speed camera images. It can be seen from Figure 3.12 that
there’s quite a variability of the experimental axial penetration data. The three tests
presented in Figure 3.12 had the same pre-chamber and main chamber equivalence ratios,
which were the variables of the tests by Perera, 2010. However, the dynamics of ignition
and combustion inside the pre-combustion chamber, and the time and nature of
diaphragm rupture cannot be controlled in the tests. The nature of diaphragm rupture has
direct influence to the jet dynamics and momentum transfer rate, which can effect axial
penetration. However, the measured pressure histories inside the pre-chamber were
similar in these cases. It is interesting to see how the CFD predictions are bounded by the

experimental data. The unavailability of some data points at the start and end of the tests
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might be due to the variability in diaphragm rupture and combustion inside the main
chamber. The jet penetration is depicted in Figure 3.13 using two different iso-surfaces of
the injected gas mass fraction, 0.1 and 0.01. It can be seen that the iso-surface

corresponds to 0.01 encompass the iso-surface of 0.1.
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Figure 3.12. Axial Penetration Comparisons between Experiments (Perera, 2010) and
3D URANS Simulations. The Black Line corresponds to the Polynomial Curve Fit to
the Simulation Predictions.
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Iso-surfaces of Y=0.01
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t=0.485ms

Iso-surfaces of Y=0.1

OO

t=0.06 ms t=0.14 ms t=0.195 ms t=0.485ms

Figure 3.13. Comparison of Jet Penetration using of Two Different Injected Gas Mass
Fraction (Y) Iso-surfaces, 0.1 and 0.01.

3.3 Turbulence Modeling of Translating Gas Jets

The traversing jet behaves like a jet parallel to a wall at the start and end of a channel
traverse. The spreading rates of a jet discharged parallel to a wall are considerably
different from the rates observed for free jets (Craft et al., 2001). Many (Newman et al.
1972; Davis, 980; Fujisawa, 1989; Abrahamson et al., 1997) have observed larger growth
rates (5-9 times) parallel to the plane wall than the rates normal to it. Some (Davis, 1980)
attribute this difference to the enhanced turbulent diffusion parallel to it while others
(Cratft, 2001; Abrahamson et al., 1997) argue that this anisotropic growth rates are due to
a resulting secondary flow causing substantial lateral outflow parallel to the wall with a

strong entrainment velocity being induced normal to it. Launder & Rodi (1983) attribute
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these anisotropic growth rates of the shear boundary to vortex-line bending. Craft et al.,
(2001) use several turbulent closure models to conclude that these large lateral spreading
rates are due to anisotropic Reynolds stresses, creating streamwise vorticity. In this sense,
using linear eddy/turbulent viscosity RANS models to model the turbulent closure in the
traversing jet would be questionable in its initial and later parts of the travel across a
channel, which can be approximated by “parallel wall jets”. Non-linear eddy/turbulent
viscosity models or Reynolds stress model (RSM) which does not assume a linear
relation between the Reynolds stresses and the mean strain tensor would be more
accurate in this case as these can capture anisotropic turbulence and streamline curvature
effects better. However, the addition of another set of equations to solve for Reynolds

stresses in RSM, increases computational time and cost.
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Rossi, L. F., 1994 Wijeyakulasuriya et al., 2010

Figure 3.14. Translating Jet Behaving as a Wall Jet.

Sheen et al., 1997 Wijeyakulasuriya etal., 2010

Figure 3.15. Translating Jet behaving as a Sudden Expansion Flow.
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Further into its traverse, the jet is relatively ‘free’ and is characterized by classic vortex
ring (round jet) or counter-rotating vortex pair (2-d slot jet) structures (Figure 3.15). Due
to the translation of the injector and the interaction of the vortex structures with confining

leading wall, the jet may at times behave like a ‘wall impinging jet’ (Figure 3.16).

Naguib et al., 2004 Wijeyakulasuriya et al., 2010

Figure 3.16. Translating Jet behaving as a Wall Impinging Jet.

Son and Abraham (2003) explain in detail about transient round, radial and wall jets and
provide a very good list of prior work (modeling and experimental) on these jets.
Modeling these different jet phenomena requires different turbulence modeling strategies
and this is identified as one of the greatest challenges in modeling transient translating

and confined jets which are currently analyzed.
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CHAPTER 4. MOTIVATION AND CHALLENGE.

4.1 Introduction

This chapter explains the motivation for the work done in this thesis and gives an outline
of the challenges in each of them. Understanding the different mixing mechanisms
available in the WRCVC and their effect on its performance is important in either
promoting them or to minimizing them. Another goal was to achieve a stratified mixture
inside the combustion channels which has numerous benefits such as lowering the post
combustion temperature, which in turn lowers NOx emissions, avoid back fire in the inlet
duct and also avoid combustible mixture spillage during the charging process. Section 4.2
presents experimental data which help understand how some of these benefits were
achieved in the current WRCVC test rig, using mixture stratification. Section 4.3 presents
experimental and numerical results of transient jets which translates relative to the
combustion channels. WRCVC has two such jets, namely the pilot fuel jet which supplies
a small amount of fuel (apart from the main fuel) in making a fuel rich zone near the

igniter to facilitate ignition and the hot gas jet which is used as the igniter.
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4.2 Mixing Processes in WRCVC

There are several mixing mechanisms in the WRCVC as shown in Figure 4.1. Primary
(main) fuel is supplied using injectors placed in the air stream. The fuel injectors have
several injection holes along its length, injecting gaseous fuel perpendicular to the air
stream to evenly distribute the fuel and facilitate mixing (Wijeyakulasuriya, 2008).
Mixing due to fuel injection and upstream turbulence is marked as ‘A’ in Figure 4.1. The
mixing mechanism marked as ‘B’ takes place when the fuel-air mixture from the inlet
duct enters the channels. The gradual opening of the channels into the inlet duct generates
vortices which results in mixing of the gases already within the channels with the first
incoming gases. The level and intensity of mixing depends on the speed of channel
rotation, relative size of the channel compared to the inlet duct and the driving pressure
differential of the inlet gases. Mechanisms ‘C’ & ‘D’ mix gases injected directly in to the
channels, with gases already in them, which is the main focus of this thesis and will be
analyzed and discussed in detail later. Vortex dynamic interactions are shown to govern
these mixing processes (Wijeyakulasuriya, 2009 & 2010). Further mixing takes place via
mechanism ‘E’ through pressure waves traversing the channel. These pressure waves
interact and reflect at channel walls and density interfaces (flames in the case of WRCVC)

(Kilchyk,2010) giving rise to gas mixing.
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Figure 4.1. Mixing Processes in a WRCVC.
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Figure 4.2. Mixing of Fuel and Air Downstream the Injection Point, in the Inlet Duct.
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4.3 Mixture Stratification in WRCVC

Conventional gas turbine combustors operate with overall lean mixtures under all
operating conditions, with the overall fuel-air ratio usually below the lean flammability
limit of typical fuels. This necessitates the use of a richer primary zone for stable
combustion with additional air being mixed downstream to bring the overall mixture
temperature to the limit of turbine inlet temperature. Mixture stratification in a WRCVC
allows lowering the turbine inlet temperature by burning an overall lean mixture. This
further assists in lowering NOx emissions. Having a very lean mixture (non-combustible)
near the inlet duct (which supplies the fuel air mixture) will avoid the presence of flame,

and hence back fire into the inlet duct.

Nalim developed fueling strategies (Nalim, 1997, Nalim, 2000) in longitudinal and radial
directions of rotor channels that concentrate fuel at the specific regions of the channel for
improving the combustion process and thermal management of end wall temperatures,
respectively. Employing circumferential partitions in the inlet duct, longitudinal mixture
stratification provides richer fuel concentration near the igniter which results in a more
stable combustion while lowering NOx emissions in the leaner main mixture (Nalim,
1997). Additionally providing fresh air in the first few partitions of the inlet duct will
help in avoiding preignition and prevent any fuel spillage through the exhaust port.
Pekkan and Nalim (2003) studied fuel stratification in the radial direction of the channels
by using circumferential partition walls. The partition walls provide a limited region of
the channel to be charged with a near-stoichiometric or enriched mixture that ensures

ignition or initiation of a deflagrative or detonative combustion process. The enrichment
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may be with fuel, oxidant or both. The combustion in this region is controlled by the
provision of circumferential partition walls in the rotor channels that extend a relatively

short distance into the length of the channel.

The current WRCVC test rig used mixture stratification successfully to achieve several
favorable working conditions, such as stable combustion, avoid spillage, prevent back
fire in the inlet duct and burn a lean mixture. These aspects are explained in detail below.
It is shown in Figure 4.1 how a number of fuel injectors in the inlet duct can be used to
obtain an axially stratified mixture in the channel. One such injector is shown in Figure
4.2 where the fuel is injected in gaseous form from a strut placed in the air flow. Several
injection holes which are staggered along the length of the injector are used to inject fuel
into the air flow, which is supplied from the top. The fuel mass fraction contour plots
downstream of the injector shows how this injected fuel mixes with the air

(Wijeyakulasuriya & Nalim, 2008).

Thermocouple and ion sensor data will be used below to show the effect of mixture
stratification on WRCVC performance. These thermocouples and ion sensors are placed
in the combustion channels and rotate with them, providing data via slip rings as
explained in Chapter 2. The temperature rise recorded in the inlet and exit seal plate
thermocouples are shown in Figure 4.4. In the current WRCVC, the combustion was
initiated from the exit end. The exit wall thermocouples in the vicinity of combustion
recorded high temperatures of over 1000° F, while the inlet wall thermocouples only

recorded temperatures of less than 200° F. It can be deduced from this that the flames
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were not seen in the vicinity of the inlet wall. In the particular test case, shown in Figure
4.4, the first 9 injectors (injectors 1-9) had been used to supply the fuel while injectors
10-15 did not supply any fuel. This resulted in a stratified mixture in the combustion
channel where nearly 7 inches of the combustion channel from the inlet end wall, had
very little (if not none) fuel in it and avoided flame from propagating all the way to the
inlet end wall. This point is further illustrated in Figure 4.5. The placement of several
thermocouples, ion sensors and pressure transducers in two combustion channels
(numbered 1 and 6 in the figure) is shown in Figure 4.3. TC2 in combustion channel 1
and IP7 in combustion channel 6 are both placed 7 inches from the inlet side end wall.
Combustion occurred in the time period 214 sec — 215 sec of the period recorded in
Figure 4.5(a). It can be seen from Figure 4.5 (a) thermocouple data that TC3-TC10
recorded higher temperatures during the combustion period. However TC1 and TC2 both
recorded lower temperatures during this period, which was placed with 7 inches from the

inlet end wall.

Ion sensor data for three consecutive cycles is shown in Figure 4.5(b) for transducers 17 —
I12. The vertical axis of Figure 4.5(b) corresponds to the rotational angle, while the
horizontal axis denotes sensor voltage for different transducers. The peaks of this figure
correspond to the availability of ions in the vicinity of the transducers. It can be seen that
except 17, all other ion sensors recorded a flame. 17 is placed at 7 inches from the inlet
side end wall, and this further supports the idea that the combustion in the channel, in this
particular test case was contained from the exit side end wall till 7 inches from the inlet

side end wall. Hence the cross channel flow in the inlet side (cross channel flow would
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still happen in the inlet side due to the propagation of shock waves throughout the
combustion channel) did not contain any radicals nor was it at sufficient temperature to
result in back fire in the inlet duct. Figure 4.5 is an illustration of the use of fuel
distribution to control ignitability and fuel spillage, as well as the potential use of

stratified mixture.

The effect of fuel spillage on pressure rise within the combustion channels is examined
using numerical and experimental measurements. Two different fueling arrangements are
compared with each other. First, only injectors 1 through 9 were used to supply fuel in
the inlet port and the one-dimensional modeling and experimental pressure measurements
are shown on the top row. The white lines in the fuel-flow prediction plots from one
dimensional modeling show the locations of inlet and exit ports. In these two plots, the
color red denotes the combustible mixture of a known equivalence ratio, while the color
blue denotes air without fuel. As seen from these fuel-flow predictions, combustible
mixture spills from the exit port during filling process when fuel is supplied from the
injectors 1-9. This spillage was avoided when fuel was supplied from injectors 3 through
11 in the inlet port as shown on the bottom row of Fig. 4.5 These stratification setups are
also shown in Figure 4.5. It was estimated that about 7.5% spillage of combustible
mixture in the first case, resulted in a peak pressure rise difference in the combustion

channel of ~50% between these two cases (Elharis, 2010).
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4.3 for thermocouple (T1) locations.
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Figure 4.6. Avoiding fuel spillage by using mixture stratification in the WRCVC.

4.4 Transient Translating Gas Jets in WRCVC

Transient gas and liquid jets in confined cavities are common in combustion engines and
other applications, but are usually stationary. Such jets are generally initiated and
terminated by upstream valve operation or pressure modulation. This thesis describes
transient jets that sweep a cavity by translation of a carrier wall, with jet upstream
conditions generally constant. This was motivated by the need to design pilot fuel and

ignition gas jets, to initiate combustion inside a WRCVC as schematically shown in
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Figure 4.1. To ensure reliable ignition and complete combustion, pilot fuel injection and
subsequent torch ignition may be key design features. A relatively small amount of fuel
gas (pilot fuel) is injected from an end wall, to create a relatively fuel rich zone (Akbari et
al., 2006). Pilot fuel injected should mix rapidly with air near the exit side end wall,
thereby making a fuel rich zone, ready to ignite. Shortly afterward, this mixture is to be
ignited by a transient jet of hot gas from a torch igniter. The ignition gas should be
sufficiently hot and have the right momentum and mass to create an explosive mixture

with the fuel-air mixture in the channel.

The ignition of pilot fueled zone will allow the flame to reach the primary fuel mixed
with the inlet air. The pilot fuel injector and the igniter can be placed at the exit end wall
(Matsutomi et al, 2010), at the inlet end wall (ABB, 1994), or at both ends (ABB, 1994).
This depends broadly on the overall objectives, application, emissions, thermal
management, and other specific design needs. In a typical WRCVC, the average
combustion time is in the order of a few milliseconds, after which the exhaust port opens.
This time is governed by the rotational speed and the location of the exhaust port in the
WRCVC. For rapid combustion, successful ignition should be followed by flame
acceleration with assistance from turbulence and flame area increase due to wave
interaction, or other means. Ideally, the hot jet should penetrate sufficiently far into the
mixture in the long combustion chamber. However the amount of mixture entrained with
the jet should be limited, so as to raise the temperature of the combustible mixture with a

minimum delay time.
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Transient jet ignition is determined by a complex vortex mixing process, made more
complex when the jet is traversing relative to the mixture and is confined by nearby walls.
A qualitative comparison of two simulations is depicted in Figures 4.7. In this

comparison all parameters (mass flow rate, injection pressure, and injector width) are

kept the same except for the translation of the injector. The translating jet distributes fuel
over the combustion channel width in the near injector region. The axial jet penetration of
the translating jet is not very different from a stationary jet at the mid section of the
channel although the transverse penetration is enhanced by the translating jet. Figure 4.8
presents experimental data using a high speed imaging, of a stationary jet and a

translating jet injecting into a long combustion channel.

The experimental results by Perera (2010) uses a stationary jet of hot combustion
products via a converging nozzle, generated in a pre-combustion chamber, to ignite a
mixture inside the long combustion channel, while Murphy (unpublished) uses the same
test rig and jet conditions, with the pre-chamber rotating and hence producing a
translating jet, injecting into the combustion channel. The numerical predictions given in
Figure 4.7 are not matched with the experimental data in figure 4.8 and hence a
validation of the penetration characteristics is not intended. Only the dominant coherent
structures and the nature of jet spread are compared. The advantage of the translating jet
in producing a near homogeneous mixture near the end wall is apparent from this
comparison. The traversing jet keeps a larger fraction of the fuel injected near the end

wall which is crucial in combustion initiation of the WRCVC. In this comparison all
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parameters (mass flow rate, injection pressure, and injector width) are kept the same

except for the translation of the injector.

The high speed video imaging of translating (Left) round jet shown in Figure 4.8 was
traversing at 150 rpm and hence has more time to inject gas in to the combustion channel,
compared to the numerical prediction of the traversing jet (Figure 4.7), whose injector
was traversing at 2100 rpm. The jet injects more gas to a particular region in the channel,
when the injector is traversing at low rpm, and hence the greater penetration of the

experimentally observed translating jet, as seen in Figure 4.8.
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Figure 4.8. High speed video imaging of translating (Murphy, unpublished) and
stationary (Perera, 2010) round jets. The jets are injected from the right.
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CHAPTER 5. IGNITION BY HOT GAS JETS.

5.1 Introduction

Ignition of fuel-air mixtures by hot turbulent gas jets is important for fire and explosion
safety, internal combustion engines, pulse detonation engines, wave rotor combustors,
and other related systems. In a volume containing a combustible gas mixture, ignition
may occur through contact and mixing with hot burned gases admitted as a jet. Ignition
by a jet of hot gas is assisted by a mixing process, and thus differs from ignition by a hot
surface, spark, or compression (Table 1). The chapter begins with a literature review on
hot gas jet assisted ignition and its performance compared to other ignition methods.
Many prior studies have been done in relation to fire and explosion safety whose prime
objective was to inhibit ignition by hot gas jets, unlike in the current study where
promotion of ignition is pursued. The single channel hot gas jet assisted combustion
experiment at the combustion and propulsion research lab (CPRL), IUPUI is explained in
the second part of the chapter. The chapter is concluded by an ignition delay time
analysis using empirical correlations developed for ignition behind reflected shock

waves. The viability and challenges in using such correlations are also discussed.
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5.2 Prior Work on Hot Gas Jet Assisted Ignition

Early experiments of ignition of combustible mixtures by hot gases were studied in
relation to safety in mines, by the U.S. Bureau of Mines (Wolfhard, 1958, Van Dolah et
al., 1965, Vanpee & Wolfhard, 1959, Bruszak et al., 1959, Fink & Vanpee, 1975, Cato &
Kuchta, 1966). These experiments used a non-reactive hot gas jet injected continuously
into a uniform quiescent combustible mixture. Wolfhard (1958) defined ignition
temperature as the steady jet-base temperature at which the luminous region in the
combustible mixture transforms into ignition. This definition of ignition temperature is
different from the one used in the current work, where the predicted local temperatures at
the onset of ignition are sought. Further Wolfhard’s (1958) definition might be different

from several other works cited in this thesis.

The minimum jet temperature needed to ignite hydrocarbon combustible mixtures
appeared to be much higher than their auto-ignition temperatures, but much lower than
the adiabatic flame temperatures of stoichiometric mixtures and close to flame
temperatures for flammability limit mixtures (Vanpee & Wolthard, 1959). Vanpée and
Wolthard (1959) showed a correlation between the ignition temperature and the “limit
flame temperature” for most combustible mixtures as seen in Figure 5.1. This limit flame
temperature was measured using a diffusion flame around a stainless steel hemisphere
(Simmons & Wolfhard, 1957). Fink and Vanpée (1975) developed an overall rate
expression for describing the ignition of methane, ethane, and ethylene fuel-air mixtures
by a hot inert gas injected at relatively low velocities, similar to laminar flame simplified

reaction rate expressions (Westbrook & Dryer, 1984). The required jet temperature was
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found to depend on the dimensions of the jet, composition and velocity of the jet, and
combustible mixture (Cato & Kuchta, 1966). Low flow velocities provide low air dilution
rates, slower temperature drop due to reduced mixing, and long contact times with the
combustible mixtures. Similarly, studies on resumed detonation of fuel-air mixtures when
hot detonation products are injected indicates that a range of ignition energy deposition,
injected gas mass, and premixed fuel-air composition can initiate combustion
(Tarzhanov, 2006). It is expected that relatively high fuel concentrations, high jet

temperature, and low jet flow velocities would promote ignition.

Cato and Kuchta (1966) found that fuel-air mass ratio has little influence on the minimum
jet temperature for ignition of several heavy hydrocarbons, except that an increase in this
critical temperature was observed with decrease of fuel-air mass ratio below 0.3. The
same trend of this critical jet temperature (called ‘ignition temperature’ by some authors)
with fuel-air mass ratio was observed for different jet diameters, and the critical
temperatures decreased consistently as the jet diameter was increased for a constant jet
flow rate. Further, the critical jet temperature was higher than the temperature needed
using wire ignition or the auto-ignition temperatures for the same mixture and heat source

diameter (Cato & Kuchta, 1966).

Wolthard (1958) experimentally observed that a jet of hot air slightly below a threshold
temperature introduced into a cold fuel left little visible traces of ignition. When the air
jet temperature was raised, a small flame appeared above the jet, and then disappeared

when the temperature was reversed. However, when the temperature was increased above
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a higher critical temperature, this flame became self-propagating and was not
extinguished with the reduction of jet temperature. The weak dependence of critical jet
temperature on mixture concentration was also observed by Wolthard (1958), noting that
several hydrocarbons ignite slightly better under fuel rich conditions, with the exception
of ethylene for which the minimum is on the fuel lean side. This is consistent with the
findings of Cato & Kuchta (1966) for heavy hydrocarbons (e.g. hexane, octane, and

decane), which ignited better under fuel rich conditions.

Ignition of a combustible mixture by a turbulent jet of radical-laden gas generated in a
pre-chamber was studied by Gussak (1975), Oppenheim (1978), Murase et al. (1984),
Murase et al. (1998) Wallesten and Chomiak (2000), Valle et al. (2003), Toulson et al.
(2009), Attard et al. (2010), and Yamaguchi et al. (1985). This method of ignition
described as avalanche activated combustion or LAG (a Russian acronym) aims to
initiate combustion using highly active radicals generated in a fuel-rich pre-chamber.
Gussak (1975) reported a 5-7 fold reduction in ignition delay time and 3-4 fold reduction
in combustion duration with the LAG method relative to conventional spark ignition
systems. Versions of the LAG concept (Murase et al., 1998) include expanding the jet to
quenching conditions and using electrical discharge to produce a plasma jet Wallesten
and Chomiak (2000). In these versions, the pre-chamber was much smaller than the main
combustion chamber. Radicals in the jets appear to initiate ignition of very fuel-lean

mixtures.
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Mayinger et al. (1999) found a correlation between the induction time (ignition delay

time/flame re-ignition delay time, accounting for heat transfer to solid walls) and mixing

time of the jet (characteristic flow time, obtained by using correlations for vortex

structures) and adiabatic ignition delay time (ignition time delay neglecting heat transfer

to solid walls) for fuel-air mixtures of hydrogen, methane, and propane.

Table 5.1. ‘Ignition temperatures’ of different fuels (Van Dolah et al., 1965).

Fuel in fuel-air Hot surface ignition | Hot gas ignition Lower limit flame
mixture temperature, deg C | temperature, deg C | temperature, deg C
Methane 537 1325 1518
Benzene 562 1018 1540
n-Butane 405 990 1422
Diethyl ether - 956 1386
Ethane 515 915 1363
Ethylene - 900 1422
Carbon monoxide | - 870 1177
Hydrogen 520 <755 811
Table 5.2. ‘Ignition temperature’ of mixture by inert hot jets, °C
(hot jet flow rate = 35 cm3/s) (Wolthard, 1958).

Fuel Nitrogen Argon Helium Carbon dioxide
Ethane 1100 1175 1290 1100
Ethylene 1100 1165 1265 1075
Carbon monoxide 900 925 1000 870
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Figure 5.1. Limit Flame Temperatures and Hot Gas ‘Ignition Temperatures’ of
Different Fuels.

5.3 Hot Gas Jet Assisted Ignition Test Rig at CPRL, IUPUI

Combustion and Propulsion Research Lab (CPRL) at IUPUI has an experimental test rig
to evaluate the ignition and combustion characteristics of fuels using a jet of hot
combustion products. The single channel wave-rotor combustion rig (SCWRC) was
designed (Bilgin et al., 1998 and Bilgin, 1998) to examine the fundamental ignition
processes in a stationary chamber using imaging and pressure measurements (Figure 5.2).

The SCWRC rig has two combustion chambers: the pre-chamber which houses the

www.manaraa.com



74

nozzle and the main chamber (Figure 5.2 (a)). The pre-chamber is a cylindrical chamber
with an internal volume of 52.48 in’, while the main chamber is a rectangular channel of
square cross-section with internal dimensions of 1.57 in x 1.57 in % 16.0 in. The distance
between the chambers can be adjusted with the main chamber entrance oriented to the
pre-chamber nozzle exit. Perera (2011) reports experiments using this rig for different
fuel types for which the gap between the pre-chamber and the main chamber was
maintained at a mean of 0.008 in with a variation ranging 0.003 to 0.010 in. Ambient gas
can be prevented from going into the two chambers using two diaphragms (Figure 5.2 (c)
and (d)) which is important when fueling. The type and thicknesses of the diaphragm
used is explained by Perera (2010). The diaphragms used were made to rupture upon the

impingement of the torch jet, generated in the pre-chamber.

Details of the setting up and preparation of these diaphragms are explained by Perera
(2010). A conventional spark ignition system is employed in the pre-chamber to initiate
combustion. The pressure rise in the pre-chamber ruptures the aluminum diaphragm (in
the pre-chamber) delivering the combustion products through a convergent nozzle. This
torch jet impinges on the main chamber latex diaphragm rupturing it in the process and
entering the main chamber which contains the prepared premixed combustible fuel-air
mixture. The nozzle exit (Figure 5.2 (a) is aligned with the longitudinal-axis of the main
chamber for stationary tests (Perera, 2010) and offset by a known angle for rotary
combustion tests (Murphy, unpublished) . Stationary tests corresponds to cases when the
jet is stationary and rotary tests corresponds to cases when the pre-chamber (and hence

the hot jet) was rotating while the hot combustion products were injected. The main
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chamber is equipped with dynamic pressure transducers and also provides visual access
through a Pyrex® viewing window (Figure 5.2 (a) and (c)). High-speed data recorded
from high-frequency pressure transducers and a high-speed camera was used to visualize

the complex flame and combustion phenomena in the main chamber.

The pressure history inside both the pre-chamber and the main chamber are acquired
using PCB 113A32 high-frequency dynamic pressure sensors with one pressure
transducer allocated to the pre-chamber (PT0) and the other four positioned along the
main chamber (Figure 5.2 (c)). The visualization of the combustion in the main chamber
is captured with a Phantom® v9.0 high-speed video camera. The camera is capable of
capturing high-speed video at 144,175 frames per second (fps) and has the maximum
resolution of 1632 x 1200 pixels. Perera (2010) recorded the high-speed video images at
10,000 fps due to elongated nature of the viewing window which limited the capture rate.
Therefore, the high-frequency pressure measurements were also limited to 10,000 Hz to
ease of matching the data between the high-speed video images and pressure

measurements.
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Figure 5.2. Single Channel WRCVC Test Rig: (a) indicating the main components (b)
indicating computer aided design (CAD) model of the SCWRC rig, (c¢) indicating the
pressure transducer locations and designations on the cross-section indicated of the
CAD model, and (d) detailed view of the diaphragm assemblies used in the pre-
chamber and the main chamber (Reproduced from Perera et al., 2011).
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In the studies of Perera (2010) and Murphy (unpublished) using this test rig, ignition was
detected by the luminosity in the main chamber gas mixture, emitting in the range from
400-1,000 nm of the electromagnetic spectrum which the high speed camera was able to
detect. The evolution of the luminous region was used to identify the self-propagating
flame that traverse the main chamber both downstream as well as upstream. In addition to
this optical method, the spatial pressure measurements from the pressure transducers in
the main chamber were used to validate the ignition and subsequently the ignition delay
time (Perera, 2010)._Perera (2010) defines the ignition delay time as the time between the
diaphragm rupture in the pre-chamber and time of detection of the luminous flame

observed in the captured high-speed video images.
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Figure 5.3. Variation of ignition delay time with pre-chamber equivalence ratios for a
main chamber equivalence ratio of 1.0. (Perera et al., 2011).
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For stationary tests (Perera, et al., 2011 and Perera, 2010) using ethylene as fuel in both
the chambers, it was found that a pre-chamber equivalence ratio of 1.1 produced the least
ignition delay time in the main chamber for a main chamber equivalence ratio of 1.0
(Figure 5.3). Perera (2010) and Perera et al., (2011) further studied the effect of main-
chamber equivalence ratio on ignition delay time for a fixed pre-chamber equivalence
ratio of 1.1. It was found that fuel lean mixtures (equivalence ratios 0.6 — 0.8) produced
the lowest ignition delay times as shown in Figure 5.4. Stoichiometric mixtures had
nearly 1 ms more ignition delay times compared to these lean mixtures. Mixtures with
equivalence ratios lower than 0.4 and greater than 2.4 failed to ignite in a consistent
manner (Perera, 2010). It is noted that the equivalence ratio noted here represent the
mixtures before the injection of the hot gas jet and the local equivalence ratios at the
points of ignition might be different than these values due to mixing with the injected hot
gas jet. The current experimental setup is not capable of measuring the local, transient

equivalence ratios.
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Figure 5.4. Variation of ignition delay time with main-chamber equivalence ratios for
a pre chamber equivalence ratio of 1.1. (Perera et al., 2011).

Murphy (unpublished) conducted experiments with rotating hot gas jet ignition for
several pre-chamber speeds up to 750 rpm. The author’s private communications with
Murphy K.(unpublished), have shown that similar trends of ignition delay times to pre-
chamber and main-chamber equivalence ratios exist and the ignition delay time increases
with the increasing of rotational speed. This can be explained in light of energy
deposition at a local position in the main-chamber by the hot combustion gas jet. When
the jet moves faster, the energy deposited at one single point by the jet is low and hence

the ignition delay time increases.
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5.4 Chemical Ignition Delay Time Analysis

Most of the experimental studies (Fink & Vanapee, 1975, Lamoureux et al., 2002,
Lifshitz, 2001, Baker and Skinner, 1972, Brown and Thomas, 1999, Wiirmel et al., 2007,
Burcat et al., 1971, Hidaka et al., 1974) on chemical ignition delay time measurement of
hydrocarbons have used shock tubes due to their simplicity and their ability to increase
the temperature of the combustible mixture instantaneously behind shock waves. The
ignition delay time has been determined from pressure changes or the emission or the
absorption profiles of specific chemical species. These pressure signals or chemical
species are observed behind the reflected shock waves in shock tube experiments. In
numerical simulations, the delay time is determined from the calculated temperature
profiles, species concentrations, and pressure. It is defined either as the time at which the
rate of temperature rise reaches its maximum value (d*7/d7*= 0) (Murase et al., 1998), or

the sudden pressure rise from its initial value (Lifshitz, 2001).

The overall reaction of hydrocarbon fuels (C.H,) and oxygen in the presence of an inert

diluent gas (D) can be represented by a global reaction equation, such as:

X) 0, + D — xCO, + 2 Hy0 + D. (5.1)

Cey + (x +7 .

The global reaction equation represents completion of reaction to form final products, but
for ignition studies, the initiation of reaction to the point where significant heat release is

evident is of interest. .Here, the ignition delay time is evaluated using shock-tube

www.manaraa.com



81

experimental correlations with initial mixture temperature and species concentrations. It

is estimated by an Arrhenius-type model (Lifshitz, 2001):

E a
T = 10%x (—“) C.H,] [0,1°[D]¢,
P\k,r) [ 110: (5.2)
where 10" is the pre-exponential rate constant coefficient, E, is the activation energy of
the reaction, and Ry, is the universal gas constant, T is the local, pre-ignition temperature

of the reactants, [CXHy], [0,] and [D] are molar concentrations of reactants and diluent,

and a, b, and c are constants.

The inclusion of the diluent concentration in the ignition delay equation is debated in the
literature. Some suggest that the diluent concentration affects the ignition time delay
(Lamoureux et al., 2002, Lifshitz, 2001, Baker and Skinner, 1972), while others (Fink &
Vanapee, 1975, Lamoureux et al., 2002, Burcat et al., 1971, and Hidaka et al., 1974) do
not include the diluent concentrations in their models. The effect of diluent gases on the
ignition delay time is explained by Lifshitz (2001) through two different roles: the first is
a third body effect in disassociation-recombination reactions where the diluents enhance
the recombination rather than disassociation, reducing the radicals that promote the
reactions which reduce the ignition delay. Second is a cooling effect of the diluents
during the ignition process. The heat released in the reactions increases the temperature
of the reactants, but the heat capacity of the diluent gases inhibits the increase in

temperature, reducing the rate of reactions, increasing the ignition delay time.
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The particular diluent gas present appears to have an effect on the delay time, depending
on the ignition method (Wiirmel et al., 2007). Wiirmel et al. (2007) observed longer
ignition delay times with increasing relative concentrations of Argon compared to N,

purportedly due to their different thermal capacities and the thermal diffusivities.

Reflecting subtle effects of device timescales, the same study concludes that Argon
prolongs ignition delay time in rapid compression machines but shortens the ignition
delay time in shock tube experiments under specific conditions. In experiments using a
hot inert gas as the source of ignition (Wolthard, 1958), the critical gas temperature of the
core of the jet base varies with the type of diluent gas (Table 2), possibly due to the effect

of thermal capacity and /or the thermal diffusivity of the diluent.

Local chemical ignition delay times are predicted in this study using the correlations
developed for ignition of hydrocarbon fuels behind reflected shock waves. Three such
correlations are used for ethylene and propane. Although the degree, mechanism, and
uniformity of heating may be different in shock-assisted ignition and hot-gas jet ignition,
local chemical ignition kinetics should be similar. The correlations remain the best
available data for ethylene and propane ignition. The ethylene ignition delay was
modeled according to the correlation given by Baker and Skinner (1972) which models
the ignition delay of ethylene behind reflected shock waves as a function of temperature,
concentrations of oxygen, ethylene, and argon (diluent). Propane ignition delay was
modeled using correlations by Lamoureux et al. (2002) and Burcat et al. (1971) which use

the temperature and concentrations of oxygen and propane to model ignition delay.
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Wijeyakulasuriya (2010) analyses the rate and extent of mixing of the hot gas and the
combustible fuel-air mixture. The temperature distribution of the mixture is analyzed
with time, to determine the tendency for ignition. The spatial and temporal temperature
variation in the channel upon injection is studied for different hot gas mass flow rates and
for different combustible mixtures inside the channels. This helps to understand the
optimal injection conditions (velocity, jet temperature) needed to raise the temperature of
the combustible mixture to its ignition temperatures in the time available for ignition.

Only homogenous combustible mixtures were considered in this study.

It is emphasized that these computations do not include combustion. The local transient
concentrations and temperatures during mixing are used to predict local chemical ignition
delay times within the jet. This is consistent with the use of pre-combustion temperature
and concentrations in the experimentally derived correlations. The parameters used in
each correlation according to Eq. 2 are summarized in Table 3. The numerical method for

deriving ignition delay times is explained in Chapter 8.2

Table 5.3. Ignition Delay Time Correlation Parameters.

Fuel A E%u (K) a b c

Baker and Skinner Z119

(1972) C,H, 10 17222 0.30 | -1.10 0.4
Lamoureux et al. s

(2002) C;Hy | 5.06x10 28450 0.85 | -1.30 0
Burcatetal. (1971) | C,Hy | 4.40x107"* 21250 0.57 | -1.22 0
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5.4.1 Ethylene
The chemical ignition delay correlation developed by Baker and Skinner (1972) for
shock-wave assisted ignition of ethylene-oxygen-argon mixtures is used here:

=101 [C2H4 ]0.3 [02 ]714 [Ar]M 34200 RT
(5.3)

The correlation given in Equation 5.3 is expressed using mole fractions and pressure
(Equation 5.4), revealing significant pressure dependence:

=10 (e I Do T D (B ) 20 (5.4)

Time-dependent local mass fractions of hot gas injected and the air in the combustors are
used to estimate the ignition delay time according to Equation 5.4. It is acknowledged
here that in order to determine the ignition location and delay time precisely, particles of
mass has to be tracked individually to see how their energy is increased over time. This
requires a lagrangian formulation of the problem, which is not discussed in this thesis.
The analysis done here looks at the problem in an eularian perspective. The fuel and
oxidant concentrations, temperature and the predicted ignition delay time for Case 4
introduced in Table 5.4 with injected CO, at a mass flow rate of 72 g/sec
(Wijeyakulasuriya, et al., 2010) is compared in Figure 5.5. The effect of temperature can
be seen to dominate over other parameters, from the density contours as the pressure rise

due to injection is minimum. The effect of gas mixing, facilitated by two counter rotating
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vortices, which can be seen from the injected gas (CO;) mass fraction plots and the

oxygen and ethylene plots is also very pronounced.

Ignition Delay Time

aiono [ s
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maolfcc
Density, kg/m? %
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1.929 0.6429 0.1286E-06 0.9643E-07 2357
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Figure 5.5. Local Chemical Ignition Delay Time Predictions for Ethylene-Air Mixtures
(Wijeyakulasuriya, 2010).

It was assumed that a well mixed, stoichiometric air-fuel mixture exists in the combustion
channels when the hot gas jet is introduced. The correlation for ethylene ignition delay in
mixtures of ethylene, oxygen and argon, with more than 95% argon. In the computations,
the diluent was considered to consist of the nitrogen in the air, plus the hot gas injected
from the injector. The gas before the hot gas injection was assumed to be a mixture of air
(consisting of 23% O, and 77% N, by volume) and ethylene of a known equivalence
ratio. Once the hot gas is injected, it dilutes the combustible mixture and provides a third
body effect for the chemical reactions. Hence injected gas was considered as a diluent,

along with the N, in the air. Knowing the correct species concentrations required for
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investigations into understanding the local parameters necessary for successful ignition.

Given such a correlation exist, the current numerical method accurately predicts the

ignition success/failure and the ignition delay time, based on the local concentrations,

pressures and temperatures resulted from an accurate mixing calculation. The user coding

was used in conjunction with the numerical code, to calculate the ignition delay time.

It is shown in Figure 5.6 how ignition location(s) can be qualitatively identified from the

ignition delay time plots. The hot gas starts entering the first combustion chamber at =

0.1 ms. The ignition delay predicted at that time 1s ~200 ps and drops to about ~3 ps at ¢

= 0.15 ms, indicating ignition might initiate soon after the hot gas starts entering the

combustion chamber. As explained above, a lagrangian form of analysis is needed for

precise identification of the local ignition locations.

Table 5.4. Test Cases.

Injected Injector Inlet Boundary Conditions m P on/
Case Gas U (m/s) p (kg/ m3) T (K) (kg/s) Bitar Static
Case 1 N, 28.5 1.3 2200 0.058 6.16
Case 2 N, 72.3 1.3 2200 0.150 6.16
Case 3 N, 145.4 1.3 2200 0.300 6.16
Case 4 CO, 95.0 0.3 2200 0.072 1.00
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Figure 5.6. Ignition Delay Time of Ethylene for Equivalence ratio of 1.0, in log(us).

In a typical WRCVC, the fueling and mixing processes may not lead to a well-mixed,
stoichiometric mixture near the ignition source. The ignition of the combustible mixture
might be negatively affected if a very lean mixture exists in the vicinity of the ignition
source. Therefore, the ignition delay time was also calculated for a mixture equivalence

ratio of 0.6 in the combustor, shown in Figure 5.7. The predicted shortest ignition time

delay is ~50 ps.
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The predicted ignition delay times for Cases 1, 2, and 3 introduced in Table 4 are
compared in Figure 5.8. It can be seen that the ignition delay in Case 1 is the lowest and
in Case 3 is the highest. This difference is very pronounced at times ¢ = 0.25 ms and ¢ =
0.35 ms. Such a difference may be due to the differences in the exit flow velocities
between the three cases. Case 1, with the lowest velocities, does not entrain the cold
combustible mixture into the hot jet as much as Case 3 does, thereby not ‘cooling’ the hot
jet to a greater extent. If a stratified combustible mixture was assumed to exist in the
combustion chambers, with a relatively fuel-lean region near the igniter carrier wall
(which is a possible operating condition for WRCVC), the igniter in Case 1 might fail to
ignite the combustible mixture away from the igniter carrier wall due to its low

penetration. Comparing the three cases after # = 0.75 ms confirms this conclusion clearly.

5.4.2 Propane
In order to assess the ignition delay time when propane is used as the fuel, correlations
developed by Lamoureux et al. (2002) and Burcat et al (1971) for propane ignition
behind reflected shock waves were used.

The correlations are as follows:

r=5.06x107" exp(@J[CSH8 "o, ], (5.5)

3
r:4.4xm14em[%j[cgm]&”[oz1-1-22[Ar]°. (5.6)
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The ignition delay predictions from the correlation by Lamoureux et al. (2002) (Equation
5.5) are shown in Figure 5.9. The ignition delay time predicted according to the
correlation of Burcat et al. (1971) (Equation 5.6) showed similar results. Comparing this
figure to Figure 5.6 shows the difference in ignition time delays of ethylene and propane.
The shortest ignition delay time predicted for ethylene was in the order of 10 ps while the
shortest ignition delay time predicted for propane was in the order of 300 ps. This order
of magnitude difference in ignition delay times was also observed by Perera (2010), using
a hot gas jet assisted ignition experiment. The numerical methodology used can be used
to predict the ignition success or failure accurately. In conjunction with well defined
experiments, that measure local concentrations of the jet mixing region, these
computations can be used to predict the local temperatures of the mixture in the ignition
regions and the ignition delay times which might be difficult to obtain experimentally.
The numerical simulations can be tuned to match the measured local concentrations of
species prior to ignition and the predictions can be used to get accurate estimations of

ignition temperatures and precise ignition delay times.
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t=0.35ms

Figure 5.7. Ignition Delay Time of Ethylene for Equivalence ratio of 0.6 in log (us).
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Figure 5.8. Ignition Delay Time (in log(ps)) Comparison of Ethylene.
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t=0.10ms t=0.15ms t=0.20ms

t=0.25ms t=0.3ms

t=0.50ms t=10.75ms t=1.25ms

Figure 5.9. Prediction of Propane Ignition Delay According to the Correlation of
Lamoureux et al. (2002).
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CHAPTER 6. COMPUTATIONAL METHODS AND ACCURACY.

6.1 Introduction

The computational resources which were available and the numerical methods used for
the work in this thesis is discussed in this chapter. The hardware and software resources
available to the author during the course of this thesis are discussed in the first part of the
chapter, followed by the grid independence studies performed for representative cases
used in the thesis. A short discussion on the turbulence models is presented next,
followed by some reasoning on the URANS models used in this thesis. The chapter is
concluded with a discussion on the importance of modeling the preceding exit port for

translating jet injection modeling of a WRCVC.
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6.2 Computational Capabilities and Resources

The commercial code StarCD was used for the current analysis. The code uses a finite-
volume formulation of the Navier-Stokes equations. A second-order accurate spatial
differencing scheme was used for the momentum, energy, turbulence, and species
transport equations, while an implicit temporal discretization was used for transient
computations. The code uses a pressure based solver, where the governing equations are
solved sequentially (i.e., segregated from one another). Unlike in density-based solvers,
the pressure is not obtained directly from the continuity and state equations, but by using
a pressure correction equation, derived using the continuity and momentum equations.
Due to the non-linear and coupled nature of the governing equations in compressible
flows, the solution loop must be carried out iteratively in order to obtain a converged
numerical solution. The segregated algorithm is memory-efficient, although, the solution
convergence is relatively slow, due to decoupling of the equations. The solution
algorithms employed in the code are applicable to both incompressible and compressible
flows (subsonic, transonic, and supersonic). A shock capturing technique is used to
handle shock waves but may not provide as sharp a resolution of shocks as density-based

solvers without very fine grids.

The computations were run on two dedicated 8-processor Dell Precision 690 machines
(64 bit architecture, 2.66 GHz processor and 24 Gig RAM) as well as on ‘Quarry,” one of
the high performance computer clusters at the Indiana University. Quarry is a cluster

composed of IBM HS21 Blade servers and IBM iDataPlex dx340 rack-mounted servers
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running Red Hat Linux. Job management is provided by the TORQUE resource manager
(also called PBS) and the Moab job scheduler. Quarry consists of two types of machines:
e 140 IBM HS21 Blade servers, each containing two Intel Xeon 5335 quad-core
processors, 8 or 16 GB of memory, a 36 or 73 GB locally attached SAS disk for
local scratch space, and gigabit Ethernet for system interconnects
e 230 IBM iDataPlex dx340 rack-mounted servers, each with two Intel Xeon E5410
quad-core processors, 16 GB of memory, 98 GB locally attached scratch space, and

gigabit Ethernet for system interconnects

The number of processors used in this analysis was limited by the number of commercial
licenses available. During the tenure of this thesis, there were 40 ‘hpc’ licenses and 10
general licenses. Each processor run would utilize one ‘hpc’ license. A script file which
has details on the number of processors the analysis would be run on, estimated time
required for the analysis, execution commands of the software, location to store the data,
and some other control commands had to be submitted into the queuing system of the
supercomputing cluster “Quarry.” The job scheduler assigns the requested amount of
processors and computing time, based on server availability. Two files pbs.sh and star.sh

contained these commands:

The file pbs.sh contains the following lines:
#!/bin/bash
#PBS -1 nodes=4:ppn=38,walltime=10.00

#PBS -m ae
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#PBS -N star.sh
STARINI="Default"; export STARINI

/N/hd00/rmeagher/Quarry/starcd/highRePart3PressureBased/star.sh

The file star.sh contains the following lines:

#!/bin/bash

cd /N/u/rmeagher/Quarry/starcd/highRePart3PressureBased

. /N/soft/linux-rhel4-x86 _64/starcd/starcd 4.10.019 x64/etc/setstar

star -mpi=lam -decompmeth=x -nodefile=$PBS NODEFILE

The author had access to two mass storage systems at Indiana University which were
used as backup storage. The Scholarly Data Archive (SDA) is primarily a tape-based
archive storage system. Currently SDA has a raw tape capacity of 5.7PB. It has over
200TB of spinning disk space that operates as a cache for files moving to or from tape.
SDA 1is geographically distributed between the [UPUI and IUB campuses. By default, a
file stored in SDA has a copy on each campus. This protects from minor problems like
tape failures to major ones like a site disaster. Each campus has an automated tape library
capable of holding over 5,000 tapes and 24 high speed tape drives. SDA has an aggregate
transfer rate of over 2GB per second. It is capable of storing files from about 1MB to
over 5STB in size. The Research File System (RFS) is a spinning disk system with
currently 30TB of total capacity. RFS can be mounted on the desktop or accessed over
the web or SFTP protocol. RFS supports active editing of files and documents, unlike the

SDA. Files are backed up on a nightly basis from RFS. RFS has robust support for
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project work as well. Quotas start at 10GB for personal space and 50GB for project

space.

6.3 Grid and Time Step Independence

The region of jet and vortex dynamics that is of most interest and with the sharpest
gradients requires careful grid generation. This is illustrated in Figure 6.1, for stationary
and traversing injector cases. Unlike in a stationary jet, the shear layer of the moving jet
is not confined to a conical region that diverges into the chamber starting from the jet
exit. The translating jet covers the entire width of the chamber and hence requires

adequate refinement throughout the width of the chamber to accurately capture the

“==*| Direction of
— 1| injector Motion
]

(a) Stationary jet (b) Traversing jet

essential jet physics.

Figure 6.1. Regions of Mixing, Diffusion, and Vorticity requiring High Grid
Resolutions (hashed).
(a) Conical Region of interest in the Stationary Jet
(b) The Entire Combustion Channel Width becomes the Region of
Interest due to Injector Motion

Velocity vector plots and vorticity contour plots were compared visually and the axial
velocity variation was compared using different computational cell sizes and time steps.

The time step and the grid size analysis showed that a maximum Courant number about
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0.5 produces time-step independent results, if the grid is sufficiently fine. The grid should
be able to resolve at least the large scale flow structures. Five successively finer grids are
compared in Figure 6.5. It is seen that Grid 1 cannot capture the large scale structures.
Grid 3 to Grid 5 exhibit only finer scale differences in vorticity contours. It is interesting
to see that the vortices appear ‘stretched’ in coarse grid computations. This can affect
mixing of the injected gas, as the vortices are responsible for the local mixing,
underlining the importance of adequate spatial and temporal resolution. Taking into
account the computational cost, Grid 4 was selected with a computational time step of 5 X
107 Three different time steps were compared, using Grid 3. It can be seen from Figure
6.5 that there is no significant change in the results when reducing the time step from 107

(corresponds to Courant No. = 0.5) to 2.5 x 107

Table 6.1. Cell Counts and Computational Times of the Grids used
(Wijeyakulasuriya, 2009).

Grid No. of cells Time per iteration Total simulation time
(sec) (hrs)

Grid 1 17700 1 1.5

Grid 2 74300 2 3

Grid 3 157800 4 7

Grid 4 263500 5 15

Grid 5 328000 7 20
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Figure 6.2. Part of the Wave Rotor Channel in which Axial Velocity Fluctuations are
Analyzed.
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Figure 6.3. Axial Velocity Variation with Grid Density.
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T=0.0025 sec, Grid 3, Y=7.25 in
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Figure 6.4. Axial Velocity variation with Computational Time Step.

Grid 1 Grid 2 Grid 3 Grid 4 Grid 5

T =0.0025 sec

[ O=

Figure 6.5. Vorticity predicted at Different Grid Densities, dt = 1E-06
(color scheme same as Fig. 6.6).
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Time step = 1E-06  Time step = SE-07

T =0.0045 sec

Figure 6.6. Vorticity Magnitude Contours, Grid.

6.4 Turbulence Model Selection

Turbulent flows are characterized by fluctuating velocity fields. These fluctuations mix
transported quantities such as momentum, energy, and species concentration, and cause
the transported quantities to fluctuate as well. Since these fluctuations can be of small
scale and high frequency, they are too computationally expensive to simulate directly in
practical engineering calculations. Instead, the instantaneous governing equations can be
time-averaged, ensemble-averaged, or otherwise manipulated to remove the small scales,
resulting in a modified set of equations that are computationally less expensive to solve.
However, the modified equations contain additional unknown variables, and turbulence

models are needed to determine these variables in terms of known quantities.
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For most engineering applications it is sufficient to resolve the mean flow, without
resolving the details of the turbulent fluctuations. A turbulence model can be defined as a
computational procedure to close the system of mean flow equations. Classical
turbulence models based on Reynolds Averaged Navier-Stokes (RANS) equations are

given below.

6.4.1. Zero-equation Models

Zero-equation models or algebraic turbulence models are models that do not require the
solution of any additional differential equations, and are calculated directly from the flow
variables. E.g.: Baldwin-Lomax model (Baldwin and Lomax, 1978) and Cebeci-Smith

model (Smith and Cebeci, 1967).

6.4.2. One-equation Models

One-equation models solve one turbulent transport equation, usually the turbulent kinetic
energy. E.g.: Baldwin-Barth model (Baldwin and Bath, 1990) and Spalart-Almaras model

(Spalart and Almaras, 1992).

6.4.3. Two-equation Models

Two-equation models include two transport equations to represent the turbulent

properties of the flow which account for history effects like convection and diffusion of
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turbulent energy. The first transport variable is usually turbulent kinetic energy, &, while
popular choices for the second variable are the turbulent dissipation, €, or the specific

dissipation, ®. E.g.: k-¢ model and k-®» model.

As explained in Chapter 3, different jet flows require different modeling techniques to be
able to predict their characteristics accurately. Turbulence model selection is key in
trying to predict different jet flow conditions. The growth of the shear layer varies in
different types of jet flows and hence requires different turbulence models which can
predict these behaviors accurately. The shear layer of the free jet develops freely in the
absence of the confining walls and requires a model which can model the free stream
flow accurately (e.g.: standard k-& model). On the other hand the shear layer growth is
disrupted by the confining walls in confined jet flows. A turbulence model which can
predict near wall flows accurately is required for accurate prediction in these situations.
Wall functions can also be used in conjunction with the turbulence models to better
predict the near wall flows. The following presents a brief discussion on several popular

turbulence models used in modeling various types of jet flows.

Based on the Boussinesq eddy-viscosity assumption, the Reynold’s stress tensor t;; is
taken to be proportional to the mean stress tensor, S;; in all turbulent viscosity models as

shown in Equation 6.1 (Pope, 2000):

2
Ty =245, _gpké‘@/' (6.1)
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Using the definitions for Reynold’s stress tensor and mean stress tensor, Equation 6.1

becomes,

= | 90U OU 2
P = A ox, ox, ) 3

J

kS, (6.2)

Different turbulence models listed above model the turbulent viscosity, x; differently. The
effect of turbulence on mean flow is modeled similar to molecular viscosity. Although
the validity of Boussinesq approximation is questionable in complex flow situations, this

simplification is widely used.

Two-equation models are single-point closure models, and hence contain no direct
length-scale information. In single-point closures, we cannot directly account for spectral
dynamics features such as energy transfer between scales of different sizes. Instead we
have to assume a self-similar type of development of the energy spectra, where the
development is governed by a single length scale. Two differential equations are solved
for quantities that can be used to form a velocity scale and a length scale, which in turn
are used in the eddy viscosity. The velocity scale is usually determined from the turbulent
kinetic energy, k, and several methods can be used to calculate the second quantity which
is used to find the length scale. Of the many two-equation models in the literature, two

popular models are used extensively in this thesis and presented below.
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6.4.3.1. Shear Stress Transport (SST) k-o Model (Menter, 1993)

Developed by Menter in 1993 the SST model is formulated to retain the robust and
accurate formulation of the Wilcox k- model (Wilcox, 1998) in the near wall region and
to take advantage of the free-stream independence of the k-¢ model (Launder, 1974) in
the outer part of the boundary layer. Hence the SST k- model is virtually identical to the
k-¢ model (in a k-0 formulation) for free shear layers and has the additional ability to
account for the transport of the principal turbulent shear stress in adverse pressure
gradient boundary layers. In order to achieve the blend between these two models, the
original k- model (Equations 6.3 and 6.4) constants (o, 6,1, €tc.) are multiplied by a
function F1 and the transformed model (k-¢ model in the k-® formulation — Equations 6.5
and 6.6) constants (Gy2, Gy, €tc.) by a function (1-F1), and both are added together
(Equation 6.9) to obtain the SST model constants given in Table 6.2. The model is based
on Bradshaw's assumption (Bradshaw et al., 1967) that the principal shear-stress is
proportional to the turbulent kinetic energy, which is introduced into the definition of the
eddy-viscosity. The predictions of the SST model are also independent of the free-stream
values but show better agreement with experimental data for adverse pressure gradient

boundary-layer flows (Menter, 1993):

Original k - @ model (Wilcox, 1998):

Dpk ou, . 0 ok

——=r. — - pok+—|(u+o — |, 6.3
Dpw y, Ou, , 0 ow

—— =7, ——ppo+—|(u+o — | 6.4
RS B.p ) (t+0,m,) o) (6.4)
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Transformed k — & model (Menter, 1993):

Dk u, . o ok
2, BB pae+ | (o) |
D e Pk {(ﬂ k)= }

(6.5)
J J
Dpow y Ou, 0 0w 1 0k Ow
L=—27ij——ﬁzpa)2+_ (ﬂ“‘o'wzﬂz)_ +2p0,, —————- (6.6)
Dt v, X ; Ox; Ox; @ Ox; Ox,
SST & - @ model (Menter, 1993):
Turbulent kinetic energy equation:
0 0 M, | Ok R
— (k) +—| pu ke =| p+—5 |— | = 1, P— pf"ker+ p, Py, (6.7)
ot ox; ol )ox;

Specific dissipation rate (o = €/k) equation:

0 0 U | 0w 0] )
“(pw)+— - + L —|=a— tP— @ + w+Cg tPC w, 6.8
= (p) 6x{pu, (ﬂ ijax} L HP=pBY+ S, + CoutPC,0, (63)

J ® J
where,

1 X <0
fs =11+680y>
1+40072 %"

0,Q, 5,

2p0)

_1+70g,

ﬂzﬂofﬂa_ﬁ _ﬂofﬂ 2 Xo = _1+801w-’_

=Jp

1 koo
Zi @’ x; Ox, ’

C, =FCy + (11— F)Cy,. (6.9)
Model constants (Cy1) (Wilcox, 1998):

2
o, =050, =058 =0.0750, =0.09,x =041y, = % — Tk 7

Model constants (Cy) (Standard & - ¢):

2
o, =1.0,0,, =0.856, 8, =0.0828, 8" =0.09, x = 0.41,y, = ﬂ/ﬂ* —O_wz%?.
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F, = tanh{ang ), arg, = mi { ( SOOVJ o, }

0.09 y’w | 62,CD,,v*
2 2
{ b oyge] B 18 1
wo,, Ox, 6x Jix B, oo B
1 10w ok 2
=2(1-F L =p ., F,=tanh
( )0' a)ﬁx ox; # ma)s(ala),QF) (argz)
Jk  500v
arg, =max| | 2 » = .
0.0 y o

Table 6.2. The Model Constants used in the SST k- Model.

* * *
a ) ) ® o K ) ®
ﬂo ﬁo a, a, (o O, ﬁl B O, O,n 182 ,Bz a
0
N \O e 0 N
S e ~ o~ | o — © ® | & —
nlo|ld e |ao = | |sl&|3|e | = S| 3 | =™
S ) () (@) (@\ — (@\| S (=) () — — ) S S

6.4.3.2. High Reynolds Number k-¢ Model (Tahry, 1983)

The standard k-€ model (Jones and Launder, 1972, Launder and Sharma, 1974) has
several advantages over simpler models like the zero-equation model (e.g., the mixing
length model) or a one-equation model, but it still has shortcomings. The most
fundamental criticism of the model is its basic assumption that turbulence reacts to the
mean strain rate in a similar manner to a Newtonian molecular response. The validity of
such an assumption rests on a variety of factors (Tennekes, H. and Lumley, 1974, Lumley,
1967). The most relevant among them is the magnitude of the ratios of time and length
scales between turbulent and mean motions. The model is most accurate when these

ratios are small compared to unity. Morel and Mansour (1982) reported that the k-¢ model
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originally was developed and tested (see Launder and Spalding(1972) and Rodi (1972))
in incompressible flows of a relatively simple nature (mainly of the boundary-layer type).
It subsequently has been used with various degrees of success in more complicated
recirculating flows that included density variation caused by thermal stratification (Khalil
et al., 1975) and free shear flows influenced by Mach number effects (Launder et al.,
1973). Tahry (1983) modified this standard k-¢ model to incorporate compressibility
effects, so that it can be used in compressible flow problems with confidence. The code
used in this thesis uses a similar compressible version of the standard k-¢ model, called

‘high Reynolds number £-¢ model.’

The turbulent kinetic energy and dissipation rate equations of the high Reynolds number
k-g equation is given in Eq. (6.5) and Eq. (6.6). The four terms on the right side of the
kinetic energy equation represent, in order, turbulent production, viscous dissipation,
compressibility effects, and non-linear contributions. The third term, which takes into
account the amplification and attenuation of turbulence due to compressibility effects, is
important in modeling variable density turbulent shear flows. The spreading rate of
compressible mixing layers decreases sharply with Mach number (Bogdanoft, 1983,
Papamoschou and Roshko, 1988). Sarkar (1995) showed that this is due to a reduction in
the amount of turbulent kinetic energy produced by mean shear, leading to a reduction of

turbulent mixing in variable density compressible shear flows:

0 0 I, | Ok 2(  Ou, ou,
C(oh)+ | puk—| g2 | = (P+ )= pe—Z| L phe | Dk P, (6,10
-, (o) @qu] {# GJGXJ} w(P+F,)=p 3(”’6;@, pJax,. #,Py,,(6.10)

J

where,
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P= Oy + % Oup Turbulence production by shear and normal stresses,
ox; 0Ox, )ox,
P, = _& 1op - Turbulence production by buoyancy forces,
O, P OX;

P, =—Luu ou | p_ 2( 0w pk 9 | - Non-linear contributions.
uo i Ox; 3 6x ox,

The turbulent dissipation rate equation used in the current analysis is given by Equation
(6.11):

0 0 U, | O¢ £ 2 ou, ou, £
)t —|pue—|u+ | L= Sl uP-2\ 0 L pk |2l vC S up
5, (Pe)+— {pu, ( ojaxj} glk{ﬂl 3[u, o J@xl} o HiPs

J

e o (6.11)
_Czp k +Cg4,088 +C k/uz NL>

&
i

where o_is the turbulent Prandtl number, and C,,,C,,,C,,,C,, are model coefficients

£2° g3

These model coefficients are:

C, =144,C,, =1.92,C,, =1.44,C,, =—0.33,C, =0.09,5, =1.0,5, =1.22.

6.4.4. Reynolds Stress Models
Reynolds stress models do not use the Boussinesq approximation and solve differential
equations for the Reynolds stresses. This replaces the k-equation with 6 Reynolds stress
equations, and hence introduces many new terms that have to be modeled. The

dissipation equation is still solved for in a similar manner as in RANs models.
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6.4.5. Large Eddy Simulation Models
Large Eddy Simulation (LES) models uses a spatial filter to remove the small length
scales from the flow and uses a subgrid-scale (SGS) model to determine how the small
eddies influence the resolved ones, solving directly for the motion of the large eddies.
Usually the SGS model is an eddy viscosity model, although there are variations to this.
For an eddy viscosity model, the length scale is provided by the grid spacing or the filter

width of an explicitly applied solution filter.

6.4.6. Direct Numerical Simulations
This approach does not use a turbulence model. It requires solving the time dependent

Navier-Stokes equations and resolving all of the relevant length scales in the flow.

Valentino et al. (2007) compared Reynolds-averaged Navier-Stokes (RANS) and large
eddy simulation (LES) approaches to modeling confined axisymmetric gas jets, using the
same numerical algorithm and spatial resolution. LES resolved vortical structures and
predicted jet mixing and entrainment better than RANS, without the excessive dissipation
of RANS. However, unsteady RANS calculations by Song and Abraham (2003) achieved
good agreement of jet penetration with the experimental data, using an empirical pipe-
flow formula and a 1/7 power-law velocity profile for the near wall region of impinging
jets. Their review of transient round, radial and wall jets acknowledge that turbulence

closure is the key challenge in modeling confined jets.
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Poroseva & Bezard (2001) report different sets of k- model coefficients for various jet

flows, keeping C, =1.9 2C,=00¢ of the standard model and varying the other
coefficients to match experimental findings (C ,,C,, are not included in this analysis).

They show that these modified k- € equations predict shear dominated flows (plane wake,
mixing layer, plane jet, and round jet) better than the standard k- € model and k-®

turbulent models. For a plane jet they recommend C,, =1.45, o, =0.67,0, =1.0. Figure 6.7

shows a comparison of the axial velocity variation in a channel due to gas injection
predicted by the standard k- € method (yellow curve), using the standard coefficients
given in high Reynolds number k- € method (blue curve), and a modified k- € model
using coefficients proposed by Poroseva and Bezard (2001) for a plane jet (pink curve).
There is good agreement between the predictions using the high Reynolds number
method and the empirically-modified coefficients Poroseva and Bezard (2001), even
while the latter do not use the term for compressibility effects on turbulence structure.
Predictions from standard k- € equations show considerable deviation. The high Reynolds

number k-¢ method with its standard coefficients is used in this chapter.
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Figure 6.7. Comparison of turbulence model predictions
(part of the channel analyzed — Refer Figure 6.2).
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6.5 Gradual Opening and Closing of a Combustion Channel to a Port

It is important to understand the multidimensional flow effects taking place inside a
WRCVC channel to better predict its performance. Some of the prominent and important
multidimensional flow phenomena taking place inside a WRCVC channel are due to,
gradual opening and closing of combustion channels to the inlet and exit ports, pilot fuel
and hot gas injection, shock wave and flame interactions, centrifugal and Coriolis
accelerations. Accurate modeling of these flow phenomena is important in predicting the
performance of a WRCVC. Modeling multidimensional flow effects due to fluid injection
is discussed in detail in latter chapters. Shock wave and flame front interactions increase
the flame area and give rise to baroclinic vorticity which in turn give rise to
multidimensional flow effects. Kilchyk (2009) presents detailed numerical analyses of
this phenomenon in relation to WRCVC. This section discusses the multidimensional

flow generated due to the other two phenomena.

Since both the pilot fuel and hot gas injection are placed after the exhaust port, they can
be affected by the blow down process. When a combustion channel rotates into alignment
with an inlet/exit port, it is gradually exposed to the port flow. This is called the gradual
opening (if the channel meets a port) and gradual closing (if the channel leaves a port).
The effects of gradual opening/closing of a channel into a port have been studied before,
numerically (Larosiliere, 1993, and Eidelman, 1985). Eidelman (1985) models opening of
a single wave rotor channel to its inlet port using unsteady two-dimensional Euler
equations, assuming the flow is inviscid. He argues that the pressure waves are not one

dimensional throughout the channel in the gradual opening case compared to a suddenly
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opened channel and it takes a finite length for the pressure waves to “straighten-up” and
be considered one dimensional. The gradual opening process results in a significant
distortion of the fluid interface and further delays the formation of the shock wave
(Eidelman, 1985). The flow field behind these moving pressure waves (which
subsequently coalesce into a shock wave) attains a complex flow structure due to

multiple reflections of the shock and pressure waves from passage walls.

These events can adversely affect the performance of a wave rotor (Larosiliere, 1993).
Eidelman (1985) attributes this loss of performance to the rotational nature of the flow
and the existence of pressure waves which interact strongly with channel walls, preceding
the formation of the one-dimensional flow pattern. These behaviors contribute to
significant mixing between the fresh combustible mixture and the exhaust gasses from
the previous cycle and cause performance losses. The simulations presented in this
chapter, and the simulations by Eidelman (1985) were two dimensional, and did not take
into account some of the important three-dimensional effects of Coriolis and centripetal
accelerations resulted through wave rotor rotation (Larosiliere, 1993). The gradual
opening time (defined as the time between the leading and trailing edges of a rotor
channel moving past a solid end wall) and the gradual closing time (Figure 6.8) are
inversely proportional to the rotational speed of the wave rotor, and hence channel
rotation becomes important. Larosiliere and Mawid (1993) have shown how the
centripetal and coriolis accelerations affect the interface distortion and the unsteady

gasdynamics within the channel. Lorosiliere (1993) investigated the impact of Coriolis
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and centripetal accelerations on the flow inside a gradually opening wave rotor channel

using a three-dimensional Euler code.

t=t,
t=t,
Atgfad“al open = -ty i Atgraduz-:l dose = t4— 3

t, = time at which the combustion channel t; = time at which the combustion channel
starts opening toaport ; starts closing to a port
t, = time at which the combustion channel ; t, = time at which the combustion channel
is fully opened to the port ; is fully closed to the port

(a) Gradual opening time (b) Gradual closing time

Figure 6.8. Gradual Opening Time and Closing Time based on the Exit Port. The
times shown represent the Instantaneous Times when the Combustion Channels are in
the Locations shown.
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Figure 6.9. Flow in a Gradually Closing Wave Rotor Channel.

In a gradually closing channel, unlike in a gradually opening channel, no dominant axial
velocity exists behind the shock wave due to the wall boundary condition. However the
flow in the vicinity of the wall is governed by the vorticity induced by the gradual closure
(denoted by 1 in Figure 6.9) and the circumferential velocity (denoted by 2 in Figure 6.9)
due to channel rotation relative to the stationary end wall. Since these two motions
oppose each other, the flow behind the shock wave depends on the relative magnitudes of
the vorticity generated tangential flow and the circumferential flow due to channel
rotation (Wijeyakulasuriya, 2009). However the Coriolis acceleration cannot be neglected
during the period of gradual closing. Due to the rotation of the WRCVC, the gas inside
the combustion channel is subjected to Coriolis acceleration (in the rotating frame of
reference). The axial flow which comes out of the exit port during the gradual closing
process (as viewed in the stationary, exit/inlet port of reference) is viewed as rotational

flow by the gas inside the combustion channel due to this Coriolis acceleration. This
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circumferential velocity in the rotational frame of reference, generated by the presence of
the stationary wall and the outflow through the partial opening, contributes to vorticity

inside the combustion channel.

To better understand the effect of gradual closing of the exit port on the channel flow,
pressure wave propagation inside the channel due to a gradual closing and sudden closing
is compared (Figures 6.10 and 6.11). In the case of Figure 6.11, the channels were
initialized with the same velocity in both the cases and in the suddenly closed channel
case, the right-hand-side boundary condition is changed to “no-slip wall” from “pressure”
boundary condition (exit port was not modeled). In the gradually closed channel case, the
exit port was made to slide past the channel. The formation of the shock waves in both
cases is similar to what was modeled by Larosiliere (1993) (Figure 6.12). As the passage
gradually closes, a series of curved compression waves start forming attached to the
leading wall and the end wall. These waves travel into the channel and reflect from the
trailing wall to interact with the other oncoming waves. Larosiliere (1993) explains that in
a gradual opening situation, these reflected waves interact with the interface between the
driver gas and the driven gas and give rise to baroclinic vorticity. However this
phenomenon is absent here due to the lack of an interface in the exit side of the wave
rotor. Hence the vorticity produced in this instance (gradual closing process) is not as
strong as in the gradual opening situation. Larosiliere & Mawid (1993) have explained
how the wave structure changes with the rotational speed of a shock tube. While showing
the analogy between the flow dynamics in a rotational shock tube with that taking place

in a wave rotor channel, they have stated that with increased rotational speed (his analysis
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is with respect to a “wheel Mach number” defined as M, = QR /a, ) the propagation

speed of pressure waves increase due to the higher temperature consistent with higher
centrifugal forces. They have observed that the interface becomes oblique prior to any
interaction with the reflected shock or rarefaction fronts due to the generation of
baroclinic vorticity. This is due to the interaction between the interface (which provides
density gradient) and the reflected pressure waves from the channel walls (which
provides pressure gradient). If the pilot fuel jet or the hot gas jet enters the channel when
the pressure wave reflections are still present, that can cause baroclinic vorticity and
enhance local fuel-air mixing. The smearing of the pressure waves near the closing wall
and the gradual coalescing of the pressure waves into a shock wave is clearly identifiable
in the gradually closing wall case (Figure 6.11). However, the wave traveling times did
not show any significant difference in the two cases. Figure 6.12 shows the vorticity
deposition on the walls due to gradual closing of the combustion channel in to the exit
port. It is interesting to note how this deposited vorticity convects along the leading wall
of the channel (Figures 6.12 and 6.13). This will affect the subsequent injection processes

in a WRCVC as discussed in Chapter 8.

www.manaraa.com



118

T-0.044 (MSEC)
T-0.023 (MSEC) '\\
l Pl
.;; T-0.084 (M3EC)
-
T-0.137 (MSEC) O
%3
25 T-0.125 (MSEC)

0.02

=

o

N

)

=]

£

w

m

(]
= ?
e
B~
1.2
o't

Y AXIS
1
1

e o -U 247 lHSECl
i o
S : : & \
0.00 0.02 0.04 0.06 0.08 0.10 0.1 = 7 a3
X AXIS Tg 2 s_ =
0.08 0.10 0.12
X ﬂXlS
(a) (b)

Figure 6.10. Pressure Contours of (a) Instantaneous and (b) Gradual Opening of a
Channel (Larosiliere, 1993).

Suddenly Closed Channel Gradually Closed Channel
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Figure 6. 11. Pressure Contours of Instantaneous and Gradual Closing of a Combustion
Channel.
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Figure 6.13. Convection of the Deposited Vorticity along the Leading Wall.

The vortices generated at the leading wall, upon exit port closure, can be seen in Figure

6.13. The exit port starts opening to the combustion channel, emptying it as shown in

Figure 6.14. The exit port is made to travel vertically down relative to the combustion

channel. The combustion channel pressure was initialized higher than the exit port and

hence an expansion fan can be seen to traveling into the channel, lowering the pressure

in it while emptying the channel. It can be seen from the density contours in Figure 6.14,

how these expansion waves start out curved, attached to the leading wall and the end

wall and subsequently become planar downstream of the channel. Similarly Figure 6.15

shows how curved, non-planar compression waves are formed when the exit port closes
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the combustion channel gradually. This behavior is similar to what Larosiliere (1993)

predicted on the gradual closing process as depicted in Figure 6.10.

Density, kg/m3 Velocity, m/sec _
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Figure 6.14. Gradual Opening Process.
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Figure 6.15. Gradual Closing Process.

www.manharaa.com




123

CHAPTER 7. TRANSIENT TRANSLATING JETS IN A WRCVC.

7.1 Introduction

WRCVC uses transient translating jets for ignition and possibly for pilot fueling, as
explained in Chapter 4. The modeling approaches and the numerical analysis performed
for the transient jets is the subject of this chapter. Pilot fuel injection modeling will be
presented in the first half of the chapter followed by the modeling of hot gas jet used for
ignition of the combustible mixture. Both jets are modeled as 2D, non-reacting, turbulent,
transient, and translating gas jets on a combustion chamber fixed reference frame in this
chapter. Several injector orientations are presented for the pilot fuel injection analysis,
followed by a discussion of the effect of various parameters governing jet behavior and
mixing. The hot gas jet analysis presents some important large scale vortex structures
which seem to govern the mixing process of a translating jet. The chapter is concluded
with an analysis which evaluates the relative importance of jet momentum, injected gas

type, and the injection pressure on these vortex structures and fluid mixing.
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7.2 Pilot Fuel Injection Analysis

Pilot fuel injection can be used to avoid misfiring in a WRCVC in the event a
combustible mixture is not available near the ignition source. As explained in Chapter 4,
some pilot fuel may be introduced to provide an ignitable zone near the ignition source
(hot gas jet) at the carrier wall (e.g. exit side end wall in Figure 4.1), in those situations
when primary fuel supplied from the inlet side wall does not reach close enough to the
exit side end wall. The misfiring occurred due to the unavailability of combustible
mixture near the ignition source (when pilot fuel injection is not used) is the subject of
Chapter 9, where experimental data and numerical predictions are presented. The mixture
enriching process by the use of pilot fuel, thereby avoiding misfiring is discussed in this

section.

Figure 7.1 corresponds to a test case where fuel was supplied from primary fuel injectors
3-6 (Figure 2.7) only and did not result in combustion. The red color region in Figure 7.1
shows the combustible mixture in the combustion channels while the blue color regions
represent air without fuel. This combustible mixture representation is from a 1D gas
dynamic and combustion model (Elharis, et al., 2011) which shows how the combustible
mixture supplied from the inlet of the WRCVC may not reach the vicinity of the igniter,
resulting in misfire. Pilot fuel injection was not used in this 1D analysis, which might

have helped to ensure ignition and combustion.
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Figure 7.1. Combustible mixture (red), supplied from the inlet side did not reach the
exit end wall, as predicted by 1-dimensional time dependent gas dynamics. Pilot fuel
was not used in this case.
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7.2.1. Injector Orientation
Three injectors orientations were tested numerically to understand the effect of injector
orientation for fuel air mixing: axially oriented injector, an injector aligned 30° to the
axial direction and directed towards the top wall of the channels (named Reverse-slant
Injector) and an injector aligned 30° to the axial direction and directed towards the
bottom wall of the channels (named Forward-slant Injector). The region of interest of
three consecutive combustion chambers is shown in Figure 7.2, in the form of color-scale
plots of the injected gas mass fractions at different times from these three injectors. Three
channels were modeled with the middle one behaves close to actual conditions, while the

leading and trailing channels suffer from artifacts due to flow starting and stopping in the

injector passage.
Injector T=0.0015 sec T = 0.0025 sec T = 0.005 sec
Orientation
—
Axial Injection
Reverse-slant
Injection \
=
Forward-slant
Injection

Figure 7.2. Temporal Variation of Fuel Concentration with Different Injector
Orientations.
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It can be seen from Figure 7.2 that nearly identical flow field in fuel-air mixing is
obtained for axial injection and reverse-slant injection. In both cases, the coherent
structures seem to be similar. Two counter rotating vortices dominate fuel-air mixing in
the channel. One vortex is formed near the top wall of the channel and convected along
the channel for sometime before it starts moving downward towards the bottom wall. The
other vortex is formed at the exit-end wall and convected downward before moving
forward along the bottom wall. The two vortices meet eventually in the lower half of the
channel. However, fuel injected from the forward-slant injector is concentrated more
towards the bottom wall than the other two cases and the forward moving vortex is
smaller compared to the other cases. Three-dimensional aspects need to be analyzed to
decide if an angular injector has indeed any advantages compared to an axial one in terms

of local fuel-air mixing. This is not analyzed in this thesis.

7.2.2. Effect of Exhaust Port Closing to Subsequent Gas Injection
In the actual WRCVC, the combustion channels open to the injector sometime after the
exit port closes. The gradual closing of the combustion channel from the exit port
influences the pilot fuel-air mixing process. While partially open, the flow must separate
from the wall to exit through the initial opening, creating a recirculation zone. This
closing generates a hammer shock, with initially curved pressure waves generated
coalescing into a shock wave, which compresses the combustion channel gas. When the
channels are exposed to the injector, the fluid in the vicinity of the injector is at rest. This
can be seen by comparing the fuel mixing characteristics in the combustion channels

closing to the exit port before the injector and a hypothetical case when the exit port
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would not exist (Figure 7.3). In this analysis, the channels were initialized with a velocity
and the left ends (inlet side, not shown in Figure 7.4) were modeled using total pressure
boundary conditions. These total pressure boundaries were changed into no-slip wall
boundaries just before the hammer shock arrives at the left end, to recreate the correct

flow conditions in the WRCVC.

A single combustion channel and the exit port were modeled in 2D to understand the
vorticity deposition on the combustion channel walls due to the gradual exit port closing
(Figure 7.5). The computations were done with a moving exit port and a stationary
combustion channel, as opposed to a rotating combustion channel with a stationary exit
port in the actual WRCVC. This decision to analyze the problem with a coordinate
system fitted to the combustion channel was solely numerical. The computations start
when the combustion channel is closed to the exit port. The exit port starts moving
vertically down, opening itself into the combustion channel, and then closing to it
subsequently. (Figure 7.5). It can be seen that vorticity was deposited on the channel
walls when the combustion channel was gradually closing to the exit port. Also there is a
larger amount of vorticity deposited on the leading wall and it is being convected to the
left. This is the reason for the enhanced penetration of pilot fuel gas along the leading
wall as can be seen from Figure 7.3 in the case of pilot fuel injection with a preceding

exit port.
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Figure 7.3. Schematic of the Numerical Setup to Evaluate the Effect of Preceding Exit
Port to Fuel-Air Mixing by the Pilot Fuel Injector. The Numerical Simulations of the
same are shown in Figure 7.4. The Entire Lengths of the Combustion Channels are not
shown.
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Exit Port Modeled Exit Port Not Modeled

@\

Inffctor

t=0.001 sec

t=0.0015 sec

t=0.0025 sec

t=0.0035 sec

Figure 7.4. Effect of Gradual Closing Process of the Exit Port on Pilot Fuel
Injection. The Schematic of the Numerical Setup is shown in Figure 7.3. The Entire
Lengths of the Three Combustion Channels are not shown. The Exit Port Moves
Vertically down and hence is seen as Dissappearing from the latter time step figures.
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Figure 7.5. Vorticity Depositions and Convection on the Combustion Channel Leading
Wall due to Exit Port Closure.

7.2.3. Effect of Jet Width and Pressure Ratio
In this chapter, the effect of changes in mass flow rate and the injection pressure are
analyzed. The mass flow rate from the injector in the three dimensions is kept constant by
changing the width to height ratio and the injection pressure accordingly, thereby
analyzing the effects of injection pressure. While keeping the injection pressure and the
injector height the same, varying injector width will vary the mass flow rate. The injector
is choked in all cases analyzed here which are shown in Table 7.1. The actual injector

used in WRCVC testing had a circular cross section. However 2D injector corresponds to
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a slot injector in 3D as shown in Figure 7.6. The injector height shown in Table 7.1 is
hypothetical and does not have any practical implication as a slot injector was not used.
The numerical value of it was only used in the calculation of the mass flow rate through
the injector. Changing the injector width has more effect on fuel-air mixing than
changing the injection pressure. The reason for this is thought to be as follows: The
coherent structures which govern the mixing are restrained by the channel confinement
and their movement is affected by the relative movement of the injector relative to the
channel. These factors dominate over the effect of injection pressures on the fuel-air
mixing and its effect is minimized. On the other hand, injector size is related to the size
of the coherent structures formed, and hence is directly affecting fuel-air mixing. These
claims might only be valid for the conditions tested here and more extensive analysis is

needed before generalization.

Figure 7.6. Simulation Domain (shown in dashed line) with the Pilot Fuel Injector.
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Test Cases Injection Pressure | L (in) W (in)
(kPa)
Case 1 724 0.16 0.2
Case 2 — vary mass flow, const.
724 0.16 0.1
injection pressure
Case 3 — vary injection pressure,
1241 0.09 0.2
const. mass flow
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Case 1 Case 2 Case 3

T=0.001s

T =0.0025

T =10.0035

T =0.0045

Figure 7.7. Fuel-Air Mixing Predictions for Different Test Cases (refer Table 7.1).
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7.3 Hot Gas Injection Analysis

The rate and extent of mixing of the hot gas and the combustible fuel-air mixture is
analyzed using 2D numerical modeling. The temporal temperature distribution of the
mixture is analyzed to attempt to anticipate the ignition characteristics. The spatial and
temporal temperature variation in the channel upon injection is studied for different hot
gas mass flow rates and for different combustion channel combustible mixtures. This
helps to understand the injection conditions (velocity, jet temperature) required to raise
the temperature of the combustible mixture to its ignition temperature. Homogenous
combustible mixtures are considered in this work. A schematic of the computational
domain for the hot gas igniter of the WRCVC, modeled in 2D is shown in Figure 7.8(b).
To illustrate that the process occurs identically in each channel, three adjacent

combustion channels are considered for this analysis.
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L

(b)

Figure 7.8. Schematics of the Injector Traversing the Combustion Channels.

7.3.1. Vortex Dynamic Dominated Mixing
The 2D modeling of traversing jet flow dynamics and mixing process presented in this
chapter reveales very interesting vortex dynamic behavior:
a. Existence of multiple counter-rotating vortices
b. Interaction of these vortices
c. Interaction of the vortices with confining walls

d. Motion of vortices due to the interactions
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Some of these phenomena have been studied in prior work separately, but not together.
Saffman (1992) analyzed analytically the inviscid motion of two counter-rotating vortices
inside a channel in the absence of a convective flow. Dritschel (1995) analytically studied
the interaction of two vortices in the absence of bounding walls. The current problem is
too complex to model analytically. Computational analysis provides some insight into the
behavior of these vortices, which control the ignition. Sketches of the main vortex
behavior and interactions are given schematically in Figure 7.9, based on observation of
the 2D computations. Some of the vortices and their behavior may dominate the flow,

depending on the selected injection parameters.

Leading Wall
— 8
S2 3
% s1 F ]
V2
v Trailing Wall Vi
- g

(e) ——

Figure 7.9. Vortex Dynamic Interactions of the Translating Jet Injector.
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Upon start of injection, two counter rotating vortices (labeled V1 & V2 in Figure 7.9) are
formed. These vortices are fed by stream S1 which is initially oriented towards the
trailing wall, but changes direction subsequently to be oriented towards the leading wall
(Figure 7.9(a) and 7.9(b)). The initial orientation of S1, apparently in the direction of
least resistance, soon changes due to the presence and movement of vortex V1, and a
third vortex V3 forms. Mass flow into vortices V1 and V2 via S1 continues even after the
two vortices reach the trailing wall. The motion direction of the vortices V1 and V2 after
reaching the trailing wall is shown in Figure 7.9(c). Stream S1 is terminated by the
upward moving vortex V1 and thenceforth the mass injected is fed primarily into vortex
V3. This process is dependent on the momentum in stream S1. When the momentum is
higher (later illustrated with Case 4 in Figure 7.14) it is more difficult for the vortex V1
to terminate stream S1. The interaction of the vortices and their mass exchange is shown
in Figures 7.9(d) and 7.9(e). The final size, location, and the interaction of the vortices
depend on the injector width and injection momentum. Several smaller scale vortices are

shed in this process, which are not shown in the schematic above.

There is as yet no systematic experimental study of traversing confined transient jet
known to the author. However, there is a new experimental effort by a colleague of the
author that has yielded preliminary results that appear to support the above description.
Vortex structures from a traversing injector, have been experimentally observed by
Murphy (unpublished) using high speed video imaging. This is currently ongoing work
at the CPRL, IUPUIL. In this setup, a moving hot jet is injected into a long stationary

combustion channel to simulate a hot gas igniter. Figure 7.10 shows the development of

www.manaraa.com



139

the gas jet injected into the stationary combustion channel while the injector rotates
relative to the combustion channel. The qualitative similarity of the experimental images
and the prediction of the flow structures using the numerical model are very encouraging.
It should be noted that the numerical predictions in Figure 7.10 and the experimental high
speed images in Figure 7.11 are not carried out for similar in-chamber and hot gas jet
conditions. Hence direct comparison of jet penetration and vortical structure sizes should
not be made between these. The presentation of these results is intended to give only a
qualitative idea about the general behavior of a transient, translating hot gas jets injected

into long combustion chambers.
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Hot gas injector

Combustion channel 1
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winjector =2100 rpm

- tr2
Achannel,cross sectional — 2.5x2.5in

Figure 7.10. 3D Numerical Predictions (Wijeyakulasuriya and Nalim, 2011) of the
Developing Vortex Structures from a Traversing Injector into a Long Combustion
Channel.
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Hot gas injector

Combustion channel o ! ]l
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Figure 7.11. Experimental High Speed Video Images (unpublished) of the
Developing Vortex Structures from a Traversing Injector into a Long Combustion
Channel.

The dimensions of the hot gas injector (igniter), used in the WRCVC test rig (Matsutomi
et al, 2010) are shown in Figure 7.12. It has a converging-diverging shape intended to

generate supersonic flow, and is provided with a air film for cooling.
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Cooling Air, 150 psia, 298 K

Hot Combustion Products,
150 psia, 2000 K

0.69”

Cooling Air, 150 psia, 298 K

’ 1.01” | 0.54" 0.64"

Figure 7.12. Igniter Dimensions and Boundary Conditions.

The temporal development of the predicted injected gas mass fraction is shown in Figure
7.13. The nozzle shown in Figure 7.12 injects hot gas (N,) into atmospheric air (injecting
lighter gas into heavier gas). The formation of the counter rotating vortices V1 and V2 at
the start of the injection and V3 towards the end of the injection process is observed. The
complex interaction and small scale vortex shedding from the three main vortices are also
shown clearly. The behaviors shown in Figures 7.9, 7.10, 7.11 and 7.13 are dependent on
many parameters such as injector size relative to the combustion channel (expansion ratio
of the jet, defined as the ratio between combustion chamber width to nozzle exit width),
injection pressure, and temperature relative to the combustion channel conditions. The
first pair of vortices is formed before the jet reaches the midpoint of its traverse, and the
third is formed after that, due to the offset jet momentum. This fundamental dynamic of a
traversing jet is different from a transient stationary jet with otherwise similar geometry
or confinement. An experimental and numerical comparison of this difference is
presented in Figures 4.7 and 4.8 in Chapter 4. In the WRCVC context, this appears to

imply that any pilot fuel injected will remain close to the end-wall in preparation for
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ignition. Further, this shows the importance of correctly modeling the jet as traversing

and not as an equivalent stationary transient jet.

T=0.45 ms
VorticesV1and V2 are
formedandfed by stream S1

T=1.25ms
Stream S1turns direction and
stream S2feedsV3

T=1.65 ms
Motion of Vortices V1, V2 and
V3

T=2.00 ms

Upwards motion of V1,
disrupting stream 1 from
feedingintovorticesV1and V

T=2.50 ms

Stream S1is completely
disrupted by the action of V1,
andinteractionof V1 and V2

T=3.50 ms
VorticesV1,V2andV3

Figure 7.13. Vortex Formation and Interaction from a Translating Injector (Time from
the Start of Injector Opening into the Combustion Channel). The Arrow on Top shows
the Direction of Injector Motion.
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7.3.2. Effect of Jet Momentum, Injection Pressure and Injected Gas Type
Having identified the large-scale vortex structures which govern the hot gas jet behavior
and mixing with the chamber gasses, the effects of changing jet parameters on these
structures and on axial penetration of the jet are analyzed next. Five cases were
considered to understand the mixing process of the injected gas with the combustion
channel fluid (Table 7.2). Several parameters were varied to understand the effect of each
them. The boundary condition at the inlet to the nozzle is such that the initial mass flow
specified (using U, p, and 7) is held constant across the boundary. Cases 1, 2, and 4 have
the same initial density and temperature, while varying the velocities and thus mass flow
rates. Several effects can be evaluated by comparing Cases 1, 2, and 4. Since the mass
flow is varied by different velocities, the effect of changing the momentum flow is
clearly identified. In Cases 1 and 2, the nozzle throat is not always choked, while in Case
4, choked flow at the nozzle throat exists throughout the computation, allowing
assessment of the effect of supersonic outflow versus subsonic outflow from the nozzle.
To evaluate the effect of density, CO, was used as the injected gas (Cases 3 and 5). Case
3 has the same mass flow rate and injection temperature as Case 4, with only an
adjustment in initial injection pressure to compensate for the different molecular mass. A

slightly lower penetration in Case 3 can be seen compared to Case 4.
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Inlet Boundary Conditions ‘
Cace Injected ; m ( P / i Cj )
Gas U (m/s) TK) | (kefs) B )
(kg/m’)
Case 1 N, 28.5 1.3 2200 0.058 6.16
Case 2 N, 72.3 1.3 2200 0.150 6.16
Case 3 CO, 145.4 1.3 2200 0.300 3.92
Case 4 N, 1454 1.3 2200 0.300 6.16
Case 5 CO, 95.0 0.3 2200 0.072 1.00

It may be observed from Figure 7.14 that increased momentum flow rate (calculated at

the jet inlet) increases penetration for constant initial injection pressure. The time of jet

impingement on the trailing wall is very much dependent on the momentum flow rate

injected and higher flow rates reduce the impingement time. However, it is interesting to

note that the place of impingement on the trailing wall is approximately the same in all

these cases and that might be dependent on combustion channel width, geometry of the

injector, and/or the translational speed of the injector relative to the combustion channel.
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t=0.2 ms
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Figure 7.14. Flow Pattern shown by Injected Gas Mass Fraction during Traverse of
Injector.

The vortex behavior in all the cases is similar, although certain features dominate in some
cases. For example, vortex V1 in Case 4 dominates and suppresses the development of
vortex V3. Vortex V2 is suppressed in Case 1 due to the wall effects and low flow
velocities. Hence, upon impingement on the trailing wall, rather than moving away from

the injection side end wall, V2 gets absorbed/engulfed into vortex V1.

Two types of transient translating gas jets that may be found in a WRCVC are discussed

in this chapter. The pilot fuel injector which may be used to inject a small amount of fuel
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to enrich the near igniter mixture to avoid misfiring was analyzed numerically using 2D
CFD. Different jet orientations were discussed in their ability to mix the injected fuel
with in-channel gasses. The effect of the channel closing to the preceding exit port was
shown to have an effect on the subsequent gas injection from the pilot fuel injector, in
that the vorticity deposited on channel walls enhanced axial jet penetration. The hot gas
jet was analyzed next which may be used to ignite the combustible mixture. Several
important vortex dynamics behaviors were identified and discussed in relation to fluid
mixing. Three major large scale vortices were seen to influence gas mixing in the
combustion channel. Finally the effect of jet momentum, injected gas type, and injection
pressure on the behavior of these large scale vortex structures and gas mixing were

analyzed.

7.4 Jet Penetration from a Confined Traversing Hot Gas Injector

Analyzing and quantifying jet penetration in traversing jet flows is not straight forward,
unlike in simple jet flows, where a distinct potential core exits at the jet exit. In a
confined traversing jet, the jet exit conditions are highly transient due to the motion of the
injector and the interaction of exit flow with moving vortices inside the confined channel.
These vortex interactions were sometime seen to decrease the effective exit are of the jet
as well. This highly unsteady nature of the jet exit conditions in a confined traversing jet,
makes it difficult to correlate jet behavior to its exit parameters such as exit momentum,
pressure and Mach number. These parameters are highly variable in a confined traversing
jet and vary considerably across the exit area of the jet. In this section the confined

traversing jet behavior is described using the jet inlet boundary conditions which were
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held constant throughout the computation. Four cases from Table 7.2 were used to
present the axial and transverse jet penetration. The axial and transverse jet penetrations
are seen to increase with the increase of the quantity ‘mass flow rate (m) / Molecular

weight of injected gas (M)’ (Figures 7.15 and 7.16).

Axial Penetration

18
16 A

14
12 /
10 / A~
m/M Increases / / —+=Case 2
-~ / /

=== Case 1
—=Case 4

== Case 5

Axial Penetration, inches

o N B~ O

Time after injector start moving, msec

Injector start openinginto
the channel (t=0.34 msec)

Figure 7.15. Axial Penetration of a Confined Traversing Jet for varying m/M.
m = Mass flow rate, M = Molecular weight of injected gas.
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Figure 7.16. Transverse Penetration of a Confined Traversing Jet for varying m/M.
m = Mass flow rate, M = Molecular weight of injected gas.

In the four cases presented in Figures 7.15 and 7.16, the jet exit Mach numbers were
subsonic throughout their traverse past the channel although there was larger variations
across the width if the jet exit. The channel width used in these simulations was 2.5
inches which can be seen as the maximum transverse penetration in Figure 7.16. It can be
seen that Cases 2 and 4 with higher m/M values reach the trailing wall within 1 ms of
injector traverse (before the injector traverse half the channel width) and Case 5 with the

lowest m/M value did not reach the trailing wall by the time injector traversed past the
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channel. In the cases with lower penetrations, such as cases 1 and 5, vortex V2 (refer
Figure 7.9) was weaker and instead of moving downstream, gets engulfed in vortex V1.
In all these cases a converging-diverging injector was used where the exit flow was over-
expanded. Care should be taken when trying to generalize these results to other types of
injector flows as the penetration is primarily depended on the vortex interactions with
each other, walls, and the jet exit flow. These interactions in turn depend on the level of
confinement, speed of jet traverse and the jet flow conditions. A higher momentum jet
exit flow will strengthen the vortex V2 by supplying more mass into it. Further it will not
get suppressed by vortex V1 (Figure 7.17 a). These interactions will increase jet
penetration. Further it is desirable for the jet to be perfectly expanded or better under
expanded, as the increased pressure at the jet exit will not allow vortex V1 to reach near
the jet exit and affect the exit flow (Figure 7.17a). Lower jet momentum and/or over

expanded jet exit flows can reduce the effective jet exit area as shown in Figure 7.17b.

Direction of injector motion

v26 aﬁ/— vz6 vl

(a) (b)

Reduced effective
jetexit area

Figure 7. 17. Interaction of Jet Exit Flow with Vortex V1.
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CHAPTER 8. EFFECT OF MIXTURE NON-UNIFORMITY ON IGNITION SUCCESS.

8.1 Introduction

As explained briefly in the introductory chapters of this thesis, axial combustible
stratification in a WRCVC channel is viewed as an important aspect in achieving reliable
ignition, part-load operability, combustion efficiency and low harmful emissions. In a
WRCVC, where the combustible mixture is filled from one end and ignited from the
opposite end, it is important to control the fuel concentration near the ignition source.
Low fuel concentration can exist due to burned gas from previous cycle which was not
fully purged and the air (without fuel) from the inlet duct supplied before the combustible
mixture to provide purging without spillage of combustible mixture (buffer air). Elharis
etal. (2010 & 2011) used a quasi one-dimensional gas dynamic and combustion model to
predict the filling process and the combustible mixture distribution in the WRCVC
combustion channels, prior to ignition. However this one-dimensional model did not have
a mixing model to predict the mixed conditions of the in-channel gas and the injected hot

gas.
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The ignition locations were arbitrarily chosen (Elharis et al., 2010) in the absence of such
a mixing model. The predicted combustible mixture distribution in the combustion
channel using the one-dimensional model, is used in this chapter, to set up a two-
dimensional model to predict the mixing between cold-combustible and injected hot gas
for ignition. Average equivalence ratio and potential ignition location(s) are predicted
from these two-dimensional mixing computations, which are then used in the one-
dimensional model to predict combustion. This combined methodology helps in
improving the near-igniter combustible mixture representation, and hence achieves
realistic combustion predictions from the cost effective one-dimensional model. These
combustion (or misfire) predictions are validated against experimental data from a wave

rotor combustor.

8.2 Test Cases Analyzed

Depending on the air mass flow rate achieved, the combustible mixture may partially

spill into the exit port (shown in Figure 2 (a)), reach very close to the exit wall, or stop
short of the exit side end wall. This third scenario will leave an unfueled region near the
ignition source (Figure 2 (b)). The one-dimensional code currently has only a gradient-
diffusion mixing model and does not predict the fluid mixing near the ignition source,
which is convection dominated. Hence, the final equivalence ratio near the ignition

source after the inter-mixing between the “fueled,” “unfueled,” and the injected hot gases,
cannot be predicted using this one dimensional code. It can be seen from Figure 8.1 that
the combustible mixture introduced from the inlet port remains in the channel with the

same equivalence ratios, in the absence of strong axial mixing.
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Figure 8.1. Different Fuel Filling setups and One-Dimensional Code Predictions for

Axial Combustible Stratification; the Color Red represents the Combustible Mixture

of a known Equivalence Ratio and Blue represents Air without Fuel. (a) Active Fuel

Injectors 1 — 9, Successful Combustion Detected, and (b) Active Fuel Injectors 3 — 6,
resulted in Failed Combustion.

The work presented in the current chapter starts with the “fueled/unfueled” length from
the one-dimensional predictions of contour maps of fuel concentration (Figure 8.2) and
model mixing by the hot jet injection process using high fidelity two-dimensional CFD.
Once mixing of cold combustible gas and the hot ignition gas is complete, the resultant
average equivalence ratio in the vicinity of the exit end wall is extracted from these 2D
CFD predictions, and may be used to replace the gas near exit end wall region in the one-

dimensional code. Thus, the mixture near the ignition source is more representative of the
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mixed, cold combustible, and hot gas. Further, the 2D prediction of the temperature after

mixing is studied with the local equivalence ratios, thereby arriving at possible ignition

locations. These locations are used in the one-dimensional model as the ignition locations

to start combustion. The resultant pressure traces from combustion are used to compare

against the experimental data.

Table 8.1. Conditions and Configurations for Test Cases. Local Equivalence Ratio is the
estimated Local Fuel-Air Ratio for the Fueled Region, divided by the Stoichiometric

Fuel to Air Ratio.
= c —
= § % EJ T B i g _ § -8 S o =
31528 £ | 3 |58 %8383z |5¢8|¢
o = = = o = -
S 1858 = | 2 |"T|EE|82EF 2| & |28
g g | S <= | =
lbm/s | lbm/s | lbm/s psia
0.86 8.2 0.48 0.17 19.15 1.44 Yes | 2086 | 1-9 C2Ha
B 0.39 8.3 0.22 0.17 19.70 1.47 No | 2100 | 3—6 | C2Ha
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Figure 8.2. The Two Test Cases Analyzed. The Different Region limits are based on
One-dimensional Model predictions of actual WRCVC Test Cases.

The two test cases discussed in this chapter, is given in Table 8.1. Case A given in Table
8.1 resulted in successful combustion, where its total flow rate was 1.3 Ibm/sec with an
overall equivalence ratio of 0.86. The fuel was supplied using injectors 1-9 in the inlet
duct, giving rise to a local equivalence ratio of 1.44. This local equivalence ratio was
calculated using the fuel supplied and the air in the locality of the active fuel injectors. It
can be seen from Figure 8.2, that the combustible mixture reached the exit side end wall.
Case B which failed to combust had a total flow rate of 1.05 Ibm/sec, with an overall
equivalence ratio of 0.39. The fuel was supplied through injectors 3-6 in the inlet duct.
The one-dimensional prediction of the combustible mixture distribution inside the

combustion channel for case B is shown in Figure 8.2. The combustible mixture is seen
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to be in the region of x/L=0.6 and x/L=0.85 giving rise to a local equivalence ratio of
1.47. It can be seen how a ‘buffer layer (unfueled region)’ exists within 5 inches of the

exit side end wall.

The two-dimensional simulations were started using the combustible distributions given
by the one-dimensional code as initial conditions for the combustion channel. The hot gas
ignition jet is introduced to the combustion channels which had the combustible mixture
distribution given by the one-dimensional code and the ignition location and timing was
deduced based on the two-dimensional mixing predictions. Combustion or ignition was
not modeled in these two-dimensional simulations. The mixing and temperature data was
transferred into the one-dimensional code in terms of local ‘mixed’ equivalence ratio and
ignition locations based on mixture temperature after the mixing event. Combustion was
modeled in the one-dimensional code using these data to verify the success of
combustion which was experimentally observed. Experimental point measurements of
pressure inside the combustion channels are used to validate the above one-dimensional

predictions with inputs from the two-dimensional mixing analysis.

8.3 One Dimensional Numerical Code

The code simulates flow and combustion in a single combustion channel of WRCVC
rotating one complete revolution, with time-varying boundary conditions modeled to
match the port timings and gas properties. Internal combustion is modeled as deflagration,
driven by axial turbulent diffusion, with ignition locations that mimic the torch ignition.

It uses Roe’s method (Paxson, 1992) to solve the governing equations, which are
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formulated, with dimensionless parameters (Nalim, 2000). The code includes effects of
heat transfer, friction, axial turbulent diffusion, and chemical reaction. Additionally, there
is special treatment of the regions near channel ends for leakage and partially open
channels. The combustion mode is deflagration (Nalim & Paxson, 1997) and modeled
using two-step chemical reactions (Elharis, 2011) in the simulations reported here. A
detailed discussion about the method of integration, submodels, and boundary conditions
of the problem are discussed in detail in previous publications (Nalim & Paxson (1997),
and Nalim (1999). The use of this code to predict the WRCVC test conditions which
were verified by WRCVC experiments are given by Elharis et al., (2010), Elharis et al.,

(2011) and Elharis (2011).
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Figure 8.3. One-dimensional Combustible Mixture Distribution Predictions of Cases A
and B. The Color Red represents the Combustible Mixture with known Local
Equivalence Ratios and Blue, the Air without Fuel. The Vertical Axis, which shows the
Angular Position of the Combustion Channel, is zoomed near to the Hot Gas Jet
Region (175°).
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8.4 Two Dimensional Mixture Non-uniformity Analysis

The simulations were initialized with different lengths (L) of unfueled and fueled regions
of known local equivalence ratios as specified in Table 8.1 and shown in Figure 8.2. The
injected gas is selected as CO, at the adiabatic flame temperature of the mixture being
burnt in the prechamber to generate this jet, which enters through the hot gas injector.
The measured static pressure (Matsutomi at al., 2010) is also used as a boundary
condition at injector inlet. The fueled/unfueled regions were modeled with sharp planar
boundaries, between the fuel and no-fuel regions. Although not very realistic considering
the mixing which can take place between combustible mixture and other gasses inside the
combustion channels, this assumption was adopted in this work. A more realistic
approach, including a gradient in combustible equivalence ratio on either sides of the
fueled region, which is not considered in this thesis, will require multi-dimensional
modeling of the inflow, which is beyond the scope of this thesis. The two-dimensional
computations presented here did not include the inlet port and the exit port, but only three
combustion channels, hot gas injector, and the clearance gap between the combustion

channels and the igniter.

8.4.1. Case A — Successful Combustion
An experimental test case where combustion occurred successfully was selected to show
the effectiveness of this combined methodology of predicting ignition location based on
two-dimensional mixing analysis. Figure 8.4 presents the time accurate contours of fuel
mass fraction when the hot gas jet is injected. Combustion is not modeled in this two-

dimensional computation. The simulation starts with the initial combustible mixture
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distribution given by the one-dimensional simulation. The combustion channel was
initialized with the measured pressure behind the reflected hammer shock wave and the
corresponding ideal gas temperature calculated. The injector starts moving at t=1.0 ms,
while the simulations start at t=0.0 ms. This time (first 1ms) is necessary to exclude the
initial pressure wave (due to the mismatch between the initial conditions and boundary
conditions) from the solution domain and to get the hot gas interface past nozzle exit.
This way, when the injector gets aligned with the combustion channel, hot gas flows into
the channel without any unrealistic pressure waves due to startup transients. The injector
is aligned/opened to the combustion channel for 1.9 ms. It can be seen (in Figure 8.4,
contour plot at time t=1.00ms) how the injected gas comes into the combustion channel
through the gap between the combustion channel (stationary in the combustion channel
frame of reference) and injector (moving in the combustion channel frame of reference)
even before the injector starts opening into the channel. From experimental pressure and
ion sensor data, it was approximated that combustion started in the combustion channel at
t=0.4 ms after the igniter start opening into the combustion channel. This time
corresponds to 5° of rotor rotation at 2100 rpm. It can be seen from Figure 8.4, at t=1.4
ms, that there is a major counter rotating vortex pair which mixes injected hot gas and the
combustible mixture inside the channel. The average equivalence ratio (calculated
considering the injected gas as air) of the gas which has a temperature greater than 780 K

was calculated to be 0.6. This is shown in Figure 8.5.
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Figure 8.4. C,Hy (fuel) Mass Fraction of Case A. In the Color Scheme, 0.092

corresponds to an Equivalence Ratio of 1.44.
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Figure 8.5. Mixing of Combustible Mixture and the Injected Gas is Dominated by Two
Counter Rotating Vortices at t=1.4 ms (top). The Equivalence Ratio of the Cells whose
Temperature is greater than 780 K at t=1.4 ms (bottom). The Combustion starts at
t=1.4 ms.

This average equivalence ratio represents the mixed state of the combustible mixture with
the injected hot gas. Hence this value (0.6) was used in the one-dimensional code near the
igniter (2.5 inches from the exit side end wall) to better represent the mixed state of
gasses. The highest temperatures were in the centers of the two counter rotating vortices
which were at locations x/L. = 0.9 and 0.94 at t=1.4ms. The following discussion provides
justification of the possibilities of these locations and time as ignition locations and
ignition time. Modified equivalence ratio, in which the hot gas injected, was taken as air
in calculating the equivalence ratio is presented in Figure 8.6 for different times during
injection process. The average modified equivalence ratio at t=1.4 ms is estimated to be
~0.6 which is the ethylene-air equivalence ratio for which the lowest ignition delay time

prevails when ignited by a hot gas jet (Perera, et al., 2010, Perera, 2010).
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Figure 8.6. Modified Equivalence Ratio. Only the Cells whose Temperature is
greater than 780 K is shown.

The contours of modified equivalence ratio are shown in Figure 8.6 for computational
cells whose temperature is greater than 780 K. Assuming the time scales for chemical
kinetics are much smaller than the mixing time scales, The mixture at t = 1.4 ms presents
the most possibility for ignition. The average modified equivalence ratio of the cells
whose temperatures are greater than 780 K is larger than 0.6 in earlier times than t = 1.4

ms and hence would have a comparatively larger ignition time delay.
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Assuming hot gas did not come into the combustion channel through the cross channel
gap, the ignition can only be initiated by the hot gasses from the torch igniter when it
opens into the channel. The channel starts opening into the torch igniter as 168° in
WRCVC experiments (Matsutomi et al., 2010). If combustion was initiated as predicted,
after a mixing time of 0.5 ms (6°), at x/L = 0.9, the flame would have been felt at the
closest ion sensor, IP12 which is at x/L = 0.77, after another 6° if the apparent flame
speed (flame speed relative to the channel walls) was 713 ft/sec as predicted by Elharis
et al., (2010). This means that [P12 should sense the flame at 180°. If flame was initiated
at x/L = 0.94 as predicted, IP12 should sense the flame at 182°. Out of 30 representative
combustion test cases, in 3.4% of them, IP12 started to sense the flame between 180°-
182° (Figure 8.7). Hence the predicted ignition locations and time can be taken as
realistic. These locations were used as the possible ignition locations in the one-
dimensional code to initiate combustion. The data taken into the one-dimensional code, to

better represent a mixed state of gas prior to combustion is given in Figure 8.6.
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Position of the Channel in Comparison to the 2D model.
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Figure 8.11. In-Channel Pressure Comparisons at PT2 and PT5 for the Successful
Firing Case. A representative Experimental Cycle was selected for this Comparison.

Figure 8.9 shows transient 1D predictions of concentrations of fuel, intermediate species
of combustion, oxidant, inlet and outlet plane velocities, normalized temperature, and
logarithm of static pressure. The simulation represents the plotted quantities inside one
combustion channel subjected to time varying boundary conditions to simulate the
rotation of the channel past different ports. The occurrence of successful combustion is
apparent from these plots. The plot of logarithmic pressure shows the propagation of the
pressure waves inside the combustion channel. The comparison of measured transient
channel pressure at locations (marked PT2 in Figure 8.11) close to the inlet port and in

the middle of the channel to the predictions of the 1D code with the inputs of 2D mixing
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analysis is shown in Figure 8.11. The agreement is satisfactory, having predicted almost

all of the pressure fluctuations and the peak pressures accurately.

8.4.2. Case B — Failed Combustion
Figure 8.12 presents the time accurate contours of fuel mass fraction when the hot gas jet
is injected in Case B. Combustion is not modeled in this computation. The simulation
starts with the initial combustible mixture distribution given by the one-dimensional
simulation. The combustion channel was initialized with the measured pressure behind
the reflected hammer shock wave and the corresponding ideal gas temperature calculated.
The injector starts moving at t=1.0 ms, while the simulations start at t=0.0 ms. From
experimental pressure and ion sensor data, it was known that this case failed to combust.
The injector traverses the combustion channel in 1.9 ms and the channel opens to the exit
after 10 ms (not modeled in this simulation) from the start of hot gas injection, at 2100
rpm. It can be seen from Figure 8.12, that the hot gas jet merely ‘pushes’ the combustible
mixture rather than getting mixed with it due to the buffer layer in between. The gas
mixing seems more due to diffusion than by convection. The level of diffusion observed
in the simulations is affected by the initial turbulence intensity prescribed in the

combustion channel which was equal to 1%.
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Figure 8.12 C,Hy4 (fuel) Mass Fraction of Case B. In the Color Scheme, 0.094
Corresponds to an Equivalence Ratio of 1.47. Injector Starts Moving at 1.00 ms.

It can be seen from Figure 8.13 that the equivalence ratio of the gas whose temperature is
greater than 780 K is very small due to the buffer layer in between. The hot gas does not
reach the combustible mixture as a result of this buffer layer. The maximum equivalence
ratio of the mixed gas (which has a temperature greater than 780 K) is 0.06 which is too
lean to support ignition. The failure of combustion in this case, as seen from experiments
can be easily explained from Figures 8.13-8.17. The one-dimensional code predictions of
(failed) combustion are given in Figures 8.15-8.17. The inputs given to the one-
dimensional code from this mixing calculation is shown in Figure 8.13. The intermediate

species and oxidant concentrations in Figure 8.16 further support the absence of
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combustion in this case. The equivalence ratios of the channel gas after mixing with the
hot gas, predicted from the 2D simulations cannot be directly patched into the 1D code.
The equivalence ratio of the inlet combustible mixture is varied (keeping the total fuel
and air mass flow rates constant at the measured values) to get a similar mixture
downstream of the combustion channel. The inlet static pressure is varied in the 1D code
to obtain the measured mass flow rate at the desired distribution. Figure 8.17 shows the
comparison of measured in-channel pressure and the 1D prediction of pressure at the

same location, PT2.
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Figure 8.13. The Temperature and Equivalence Ratio of the Mixed Gasses.
Equivalence Ratios were calculated in Cells with Temperature greater than 780 K.
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Figure 8.14. The Mixed State of Gas with Modified Equivalence Ratios and possible
Ignition Location for Case B.

The 1D predictions of fuel concentration in Figure 8.15 shows how the fuel enters the
WRCVC from the left end and fills the combustion channel. As given in Table 8.1,
injectors 1-2 and 7-15 do not supply fuel and only injectors, 3-6 supply fuel, which is
shown in Figure 8.15. This fuel supply setup kept a large unfueled region near the
ignition source and hence prevented from igniting. Fuel concentration plots show how it
leaves via the exit port without getting combusted. The concentrations of intermediate

species and the oxidant also shows that this case failed to ignite.
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Figure 8.16. Transient 1D Predictions of Concentrations of Fuel, Intermediate
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also time) where as the Horizontal Axis represents Distance along the Channel,

normalized by Channel Length.
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Figure 8.17. In-channel Pressure Comparisons at PT2 and PT5 for the Failed Firing
Case. A representative Experimental Cycle was selected for this Comparison.

The injected gas mass fraction of case A in the ‘ignition region’ at t=1.4 ms can be used
to calculate the ‘high temperature mixedness (HTM)’ of the gas. HTM is an index which
can be used to understand the potential for ignition of a combustible mixture based on the
mixture temperature and equivalence ratio. This is explained in detail in Chapter 10. An
interesting and useful analysis would be to perform two-dimensional mixing analysis for
several combustion cases, for which experimental data is available on the time of ignition
initiation. The location and intensity of gas mixing can be predicted by the two-
dimensional analysis, and these can be used in conjunction with the experimentally

determined ignition times to calculate/fine-tune the HTM index which will give insights
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into the local equivalence ratio and mixture temperature of an ‘ignitable’ mixture. This
fine-tuned HTM index can then be used to predict the ignition delay times of mixtures
using two-dimensional mixing data, in the absence of experimental data. The HTM index
presented in Chapter 9 is a temporal value, representing the entire high temperature
combustible mixture within defined temperature and equivalence ratio bounds. Since the
two dimensional mixing predictions show that there are dominant vortices in the domain
which has the highest temperatures and modest equivalence ratios, it will be interesting to
define a spatial HTM index and monitor its variation in time. This kind of an analysis
might be more effective in predicting ignition location and time, since this track the
‘ignitable mass’ in a lagrangian perspective. Careful and innovative analysis techniques
are necessary in capturing the same ‘ignitable mass’ in time and space from an Eulerian

analysis as given in this thesis. However this is not dealt with in this thesis.
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CHAPTER 9. DESIGNING A TWO-DIMESIONAL NOZZLE.

9.1 Gas Dynamic Design of a 2D Nozzle

Careful attention must be made in approximating a three-dimensional nozzle with a two-
dimensional model. The 2D injector can be designed either to supply the same mass flow
rate per unit depth of the injector, thereby varying the upstream pressure, or keeping the
same upstream pressure as the 3D case varying mass flow rate. If the downstream flow
characteristics from the injector and the pressure drop across it are important parameters
to hold constant, the injector dimensions needs to be recalculated. The injector used as
the torch igniter in WRCVC (Matsutomi, 2010) is a converging-diverging nozzle with
circular cross sections. As explained in chapter 6, the available computer resources did
not allow doing several 3D simulations in a timely manner and hence 2D approximations
which give much quicker results were attractive. The methodology used to design the 2D
injector to better approximate the 3D injector is explained first. Then, axial penetration
results from both 2D and 3D injectors are presented to verify the design hypothesis.

The expansion ratio the gas experiences and the momentum flow rate at the nozzle exit
(when the injector is at the middle of the combustion channel) were kept the same as in

the 3D case when designing the 2D injector.
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Since the mass flow rate per unit area and temperature are kept the same, the Mach
number is expected to be the same at the nozzle exit. Hence the exit width of the nozzle
(bdiverging 1n Figure 12.1) is kept at the same value of 0.61 inches (same as in the 3D
computation) relative to the channel width of 2.5 inches. From 3D simulations, the exit
Mach number at nozzle exit was found to be 2.5 at the mid channel position. The lengths
of converging and diverging sections have been optimized to get the same pressure drop

across and the exit Mach number as the 3D simulations.

9.1.1. Diverging Section
Once the exit width (bgiverging) Was chosen, throat width (a) was selected to give a known
Mach number at the exit at a known length (Lgiverging) Of the diverging section. The
equations solved are given below: The Mach number of the flow in the diverging section
is assumed to depend only on area change and friction of the nozzle walls. Hence, the
Mach number change along the length of the nozzle is given by Equation 9.1, which is

simplified in Equation 9.2:

M(HHMZJ o
M 2 _ld_A_i_}/M 4f
dx 1-M? Adc 2 D O.1)
o M(1+7/2_1M2j
. = - (—tana+yM2f)
dx  (1=-M7)y(x) (9.2)

A fourth-order Runge Kutta algorithm was used to solve Equation 9.2, to obtain the

desired Mach number at X=Liverging. This was an iterative process as throat width was not

known in priori. An average friction factor f was selected based on the friction factors
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at the inlet, throat, and exit of the nozzle, calculated according to the Reynolds numbers
from the 3D simulation. The average friction factor was calculated to be 0.0045. The
inlet width was calculated for a known throat width, length (Lconverging) and chocked flow

at the throat.

9.1.2. Converging Section
Once the nozzle throat width was calculated, the same procedure was followed for the

converging section to calculate the inlet width of the nozzle (beonverging)- The equation is

as follows:
. M(1+72_1M2J
= : (tana + ysz)
dx  (1-M7)y(x) 9.3)
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Figure 9.1. Mach Number Distribution in the Nozzle.
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The designed 2D nozzle was intended to provide similar penetration characteristics of the
3D nozzle which affect the mixing between the injected gas and channel gas. The
comparison of 2D and 3D penetration of the injected gas jet for similar boundary
conditions are shown in Figure 9.2. Time zero corresponds to the start of injector motion.
The simulation starts before that and the injector flow is diverted to a separate region (not
shown here) to exclude the startup transient effects from affecting the solution. Once the
flow establishes in the injector, the injector is made to move and time is recorded from
0.0 ms. The injector moves at 1704 inches/sec linearly across the face of the combustion
channel. Only the 3D injector is shown in Figure 9.2 to show the location of the injectors.
The black curve corresponds to the 0.01 iso-surface of the injected gas mass fraction in

2D case. The colored lined corresponds to the same in the 3D case.

The combustion chamber is numerically isolated from the injector when the injector goes
past the chamber and the simulation is terminated. It is acknowledged that the 2D injector
is best compared with a 3D slot injector, although a hole-type injector was used in 3D to
be consistent with the one used in related WRCVC experiments (Matutomi et al., 2010).
The work presented in Figure 9.2 was done in support of these experiments and this 2D
injector was designed to represent the actual 3D hole-type injector used in the

experiments, so that faster results can be obtained in two dimensions.
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Figure 9.2. Penetration of 2D and 3D Jets. Only the 3D Injector is shown (black
Curve inside the Combustion Channel corresponds to the 0.01 Iso-surf of the Injected
Gas Mass Fraction in the 2D Jet and the Colored Lines correspond to the 0.01 Iso-surf

of the Injected Gas Mass Fraction in the 3D Jet Computations).
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As seen in Figure 9.2, the 2D jet is able to predict axial penetration patterns comparable
to the 3D predictions for the same boundary conditions. However, predictions start to
deviate when the jet travels beyond the middle of the channel. The 2D jet is seen to
penetrate more in the circumferential direction (in the direction of injector travel) than the
3D jet. During the last half of its travel, the 2D jet is seen to penetrate more than the 3D

jet, axially.

9.2 Effect of Initial Injection Pressure Ratio

Axial penetration and mixing of the injected gas from the 2D injector is studied at
different momentum flow rates at the injector inlet. The cases considered are summarized
in Table 9.1. The combustion channel was initialized with the measured pressure behind
the reflected hammer shock in the WRCVC experiments (Matsutomi et al., 2010, Elharis
et al., 2010), for all cases. The temperature was calculated using isentropic relations. The
mass flow rate and total temperature (at injector inlet) were kept constant by varying the
total pressure and Mach number at injector inlet (Figure 9.3). The mass flow rate was
selected to be the same as the torch igniter flow rate used in the WRCVC experiments
(Matsutomi, et al., 2010). Also the injection total pressure used in the experiments is as

same as in Case 3 in Table 9.1
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Table 9.1. Initial and Boundary Conditions of Test Cases used in Numerical

Computations.

Mass flow rate (kg/sec) 0.075

Gas constant (J/kg-K) 287

Nozzle inlet area (m2) 5.58e-04

Total temperature (K) 2315

Specific heat ratio 1.4

Initial/back pressure (Pa) 172370

Nozzle inlet boundary conditions
Case Total inlet Pressure | Density | Velocity Static Mach
Pressure (Pa) ratio (kg/m3) (m/s) Temperature | number
K)

1 517107 3 0.77 176 2300 0.18
2 689476 4 1.03 131 2306 0.14
3 861845 5 1.29 105 2310 0.11
4 1034214 6 1.55 87 2311 0.09

Once the pressure ratios were selected, Equation 9.1 was used to calculate the Mach

number for constant mass flow rate, nozzle inlet area, total inlet temperature, and inlet

area. The penetration of the jets in Cases 1 to 4 is compared in Figure 9.4using contour

plots of the injected gas mass fraction. The times shown in Figure 9.4 are from the start

of injector travel. It can be seen from Table 9.1, Case 1 has the highest momentum and

Case 4 the lowest. However, due to the increase in inlet pressure from Case 1 through 4,

the inlet density is increasing accordingly from Case 1 through 4. The nozzle inlet

boundary condition is applied in such a way that the supplied density, velocity and

temperature are used to calculate the mass flow rate (which is the same for all cases)

which is kept constant across the inlet boundary. Velocity, static temperature, and density

are allowed to vary at the boundary. It is interesting to note that the axial jet penetration

does not vary much in these cases. This similarity in penetration can be attributed to the

exit Mach number of the nozzle and the pressure loss across the nozzle. These parameters
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were seen to stay the similar during most of the injector travel for the inlet total pressures

selected. The nozzle throat remained choked for entire travel of the injector in all cases.

Pressure ratio * Pehannel = Pinjection

1 Combustion Channel

Injection mass flow rate
; Pchannel
V(m/s)

p (kg/m?) — ?

T
Tstatic (K) channel
v Direction of
X

Boundary Conditions

Injector Motion

Figure 9.3. Boundary Conditions and Problem Setup in the Computations of 2D Hot
Gas Jet Injecting in to a Long Combustion Channel to assess the Effect of Initial
Injection Pressure on Jet Penetration and Mixing Effectiveness with in Channel Gas.
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Figure 9.4. Comparison of Axial Jet Penetration from the 2D Nozzle for Different
Inlet Momentum Flow Rates. Only part of the Combustion Channel is shown.

Quantification of the level of mixing is important in understanding the ignitability and
subsequent burning characteristics of the combustible mixture. However this is a
challenging task in transient flow problems where the level of mixedness of gasses varies
with time. A typical example is the combustible mixture trapped inside an IC engine
combustion chamber, whose local equivalence ratio keeps changing with time due to the
gas motion inside. A common approach used in the IC engine community is to track the
local equivalence ratio in time. The analysis gets even more complex when mass is added

into the control volume transiently, as in the case of hot gas injection for ignition in a
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WRCVC. The ignition of combustible mixture requires a high-temperature mixture to be
formed whose composition contains sufficient fuel and sufficient oxygen, and may be
influenced by admixing of recently combusted gas containing active radicals. When the
mass added into the system is expected to ignite the mixture, tracking the local
equivalence ratio alone will not suffice. The variation of the local temperature of the
combustible mixture and the heat transfer to the surrounding gas becomes equally
important in deciding its ignitability. Hence a new quantity called the “high-temperature
mixedness (HTM)” was defined which takes into account the local temperature and the
mixture quality of the gas. At any given time during the injection process, the fraction of
the injected gas whose temperature is above a known limit (780 K) is selected. From this
selected ‘hot mass,’ the gas whose mass fraction is between known limits is again
selected. The ratio between this selected mass and the total injected gas mass is termed

HTM at that time:

<mLLSYHG§UL > fbl" Tcell > TCritical

high temperature mixedness =
My 1ol (9.4)

Unlike in IC engine related work, a clear definition of the equivalence ratio cannot be
used for mixing quantification when a burnt gas is added to the fuel-air mixture for
ignition. The fuel-air mixture gets diluted from this already burnt gas and hence the
definition of equivalence ratio gets affected. Hence HTM was defined using injected gas
mass fraction rather than equivalence ratio. If injected gas mass fraction is known at a

location, at any given time, fuel and air concentrations can also be known from species
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balance equations. This usage of injected gas mass fraction avoids having to ‘redefine’ a
definition for equivalence ratio to be used in situations when the fuel-air mixture is

diluted from gasses brought in for ignition.

Several authors in the past have used similar definitions to define and analyze transient
mixing behavior. Nanda & Abraham (2002) quantified the mixing of injected fuel with
combustion chamber gas in a diesel engine, by using the injected mass at any instant,
normalized by the total amount of injected mass. They grouped the injected mass into
three zones: rich, flammable, and lean. The lean fraction is that part of the injected gas
(fuel vapor) which has an equivalence ratio less than 0.5; the flammable fraction is that
fraction of the fuel vapor which has an equivalence ratio between 0.5 and 2.0, and the
rich fraction is the amount of fuel vapor which has an equivalence ratio greater than 2.0.
The limits of these zones had been arbitrarily chosen. Abraham and Bracco (1989)
present these different mixing zones, referring to them as f (fraction) - 6 (crank angle)

plots.

A numerical technique used for modeling combustion, called “multi-zone modeling” uses
a similar approach of mixing quantification. The combustible mixture in reacting flow
simulations are grouped into zones according to their equivalence ratios and temperatures.
At each time-step, the grouping of the computational cells into zones is performed in a
way that guarantees that the grouped cells have similar thermodynamic and chemical
properties. Temperature is the most representative variable of the thermodynamic state of

a cell. In addition, the equivalence ratio, @, provides information about the composition
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and how far combustion has progressed in the cell. Taking this into consideration,
Babajimopoulos et al., (2005) used the following steps in grouping the computational

cells into T/ zones as following:

e All cells in the combustion chamber are sorted from lowest to highest temperature
and are divided into five temperature zones. These zones were selected in such a
way that each zone contains a prescribed fraction of the mass within the chamber
(5%, 10%, 20%, 30% and 35%, going from the coldest to the hottest zone).

e The cells in each temperature zone were sorted from lowest to highest ¢. Starting
from the cell with the lowest @, the cells of the temperature zone are divided into
as many zones as needed, so that the maximum ¢ range in each zone is AQyax =
0.02.

e The last steps are to take any T/¢ zones which contain more than 1% of the
cylinder mass, sort the cells in these zones by temperature, and divide them into
smaller temperature zones, so that, in the end, the mass fraction in each zone does

not exceed 1%.

Once the T/ zones were selected as above, the zone temperatures, pressures, and
compositions are computed as the average of cells within each zone. Then each zone
reacts as a single zone (with averaged values of temperature, pressure and composition)
constant volume chemical reactor for the time from “t” to “t+At”. Changes in
composition and internal energy are mapped back onto the cells associated with the zone

(Babajimopoulos et al., 2005). Aceves et al. (2000 & 2001) introduced a sequential multi-
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zone modeling approach. This multi-zone model of HCCI combustion assumes a
decoupling of the turbulent mixing process and chemistry prior to and during the main
heat release. The cells with similar pressure and temperature histories are grouped into a
relatively small number of zones (10—100). The chemical kinetics solver is then applied
to this small number of zones, instead of the large number of cells used in the CFD code,
offering a great advantage in computational time compared with a full integration of a
chemical kinetics code and a CFD code. The multi-zone model has been successful in the
prediction of combustion process parameters, such as peak cylinder pressure and burn

duration (Babajimopoulos, 2005).

Flowers et al. [26] modified the multi-zone model to include mixing effects, by
introducing a coupled CFD/multi-zone model. Instead of a one-way mapping of the CFD
temperature distribution onto the multi-zone chemical kinetics solver, their method was
modified to have mapping back and forth throughout the cycle. The advantage is that the
fluid mechanical processes are still calculated on a high-resolution grid, while the
computationally intensive chemical kinetics processes can be solved within a small
number of zones. The goal of the study was to investigate the mixing of cold gases from
the crevices and the boundary layer with the hot gases in the core during the ‘post main
heat release’ oxidation. It was found that there is diffusion of CO and fuel from the lowest
temperature regions into the hotter gases in the core and that the fuel continues to react
during the expansion stroke. In addition, the predictions of HC and CO emissions were
improved compared with the sequential multi-zone model. Babajimopoulos et al. (2005)

extended the sequential CFD/multi-zone model for open-cycle applications and
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investigated the mixing of residual gases with the fresh charge In order to address the
composition inhomogeneity during the chemistry calculation; the fuel-O2 equivalence

ratio was used as an additional criterion for grouping cells into zones.
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Figure 9.5. High temperature mixedness of Case 4.

The plots in Figure 9.5 present HTM (in vertical axis) against the time from the start of
injection of hot gas (in horizontal axis). HTM with different lower limits and same upper
limit of injected gas mass fractions are plotted on top left in Figure 9.5. HTM with the
same lower limit and varying upper limits are plotted on top right in Figure 9.5. Two
different such selections are plotted on the bottom of figure 9.5 to better understand the

level of mixedness and ignition potential of gassed inside the combustion channels. These
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plots help understand the level of mixing inside the combustion channels. Once the
temperatures and mass fractions needed for ignition of a certain fuel is known, these plots
can be used to determine the ignition success inside the combustion channel. For example,
for a particular fuel, if the temperature of the mixture should be above 780 K (arbitrarily
chosen) and the hot gas mass fractions should be within 0.3<Y<0.5 (arbitrarily chosen),
the plots in Figure 9.5 can be used in the following way to understand the ignition

SucCcCess.

The time evolution of HTM which is shown in Figure 9.5(a) varies the lower mass
fraction limit and keeps the upper limit at 0.9. It can be seen that HTM for mass fraction
limits 0.1<Y<0.9 and 0.3<Y<0.9 is similar and approaches HTM=0.9 while the HTM of
0.5<Y<0.9 1s quite low comparatively. This shows that ~45% of the ‘hot injected mass’
(normalized by instantaneous total mass injected) lies between mass fraction limits of
0.3<Y<0.5. The upper limit of mass fraction is varied while keeping the lower limit of
mass fraction at 0.1 in Figure 9.5(b). The effect of upper limits chosen 0.7 — 0.9 is seen to
have a minimum effect on HTM; supporting the idea that majority of the mass injected
has low mass fractions. HTMs between the mass fraction lower limit of 0.2 and upper
limits of 0.5 - 0.8 are shown in Figure 9.5(c). This depicts the fact that ~45% of the
injected mass (normalized by instantaneous total mass injected) is within the mass
fraction limits 0.2<Y<0.5. However it can be seen from Figure 9.5(d) the injected mass
within limits 0.0<Y<0.3 is very small and hence supports the claim that about ~45% of
the mass injected is within mass fraction limits 0.3<Y<0.5. According to the ignition

criteria assumed, Case 4 has ~45% of the injected mass within 0.3<Y<0.5 and above
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780K, and hence conducive for ignition. However, the locations of this “ignitable mass”
cannot be deduced from Figure 9.5, and contour plots of injected gas mass fractions have

to be looked into.
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Figure 9.6. High Temperature Mixedness of Case 3.

A similar analysis shows that ~60% of the injected gas is within mass fractions
0.3<Y<0.5 and is above a temperature of 780K for Cases 1, 2, & 3. HTM between

0.3<Y<0.5 is increasing beyond 1.2 ms in Casesl, 2, & 3, where as it is seen to decrease

in Case 4.
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Figure 9.7. High Temperature Mixedness of Case 2.
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Figure 9.8. High Temperature Mixedness of Case 1.
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Figure 9.9. Time Evolution of the High Temperature Mixedness for Injected Gas.
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Figure 9.10. Time Evolution of the High Temperature Mixedness for Injected Gas

Mass Fractions 0.5<Y<0.9.
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Figure 9.11. Time Evolution of the High Temperature Mixedness for Injected Gas
Mass Fractions 0.2<Y<0.5.

A series of comparisons of HTM is presented for the four cases considered in Figures 9.9,

9.10, and 9.11. It can be seen from Figure 9.11 how the HTM for Cases 1, 2, and 3

approaches a value of 60% while for case 4 it approaches 45% for mass fraction limits

0.2<Y<0.5. According to the assumed ignition conditions (mass fraction of injected gas

to be within 0.3<Y<0.5 and temperature to be more than 780 K), cases 1 — 3, where the

injector inlet pressures were 3, 4, and 5 times that of the channel pressure respectively,

would have a higher ignition success than Case 4, whose injector inlet pressure was 6

times that of channel pressure.
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CHAPTER 10. HOT GAS INJECTION ANALYSIS IN 3D.

10.1 Introduction

The 3D time-dependent analysis of the mixing between the hot gas jet and the
combustion channel gas is presented in this chapter. The hot gas injector (torch igniter)
used in the WRCVC test rig (Matsutomi, 2010) is a converging-diverging (C-D) nozzle
which delivers a supersonic hot gas jet into the combustion channels as they rotate past it.
For simplicity and to reduce the computational time of the simulation, the geometry of
the WRCVC combustion channel (Figure 10.1) was approximated by a passage of square
cross section, and a combustion channel-fitted reference frame was used. Two partial
channels (one leading and one trailing) were added as shown in Figures 10.1 & 10.2. The
two partial channels were introduced to be able to model with some accuracy the gradual
opening and closing processes of the injector into the channel, while keeping the
computational cost lower than for modeling multiple full channels. Two test conditions
were analyzed: A) an injector with a square and uniform cross-section injecting into the
combustion channels initially at atmospheric conditions (Figure 10.2) and B) an injector
modeled as a C-D nozzle injecting into the combustion channel initially at a pressure and
temperature which are comparable to conditions behind the reflected hammer shock
(Figure 10.1). This hammer shock is generated due to stopping the in-channel flow when

the combustion channel closes to the exit port.
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Note that this fluid action is not included in the simulations presented in this section, in
that it is completed prior to the injection of hot gases for ignition. No grid independence
study has been carried out for the 3D analysis due to the extreme high cost of these
simulations. Rather, the 2D grid which produced grid independent results (Figures 7.4
and 7.6) has been extruded in the third dimension to obtain the 3D mesh. Reasoning is
given for the approximation of the circular cross sectional C-D nozzle with a square cross

sectional one.

10.2 Problem Setup in 3D

The simpler Case A is discussed first. The dimensions of the channel with the straight
(simplified) injector are shown in Figure 10.2. The 2D representation of the injector
nozzle uses the simplified geometry shown in Figures 10.2 & 10.3, which is physically
equivalent to a slot of indefinite length replacing the square hole considered in 3D. The
plane used for the 2D computation is the 0-z plane of the 3D channel, as shown by
hashed lines in Figure 7.6. All models (2D and 3D) have a moderate clearance gap

between the moving injector and the stationary combustion channels, equal to 0.01 in.

The current simulations given in this section do not include combustion and only analyze
fluid mixing between the injected hot gas and in-channel gas. The gas was modeled as
compressible and a widely used RANS turbulence model SST k-m was used to model
turbulence with standard wall functions used to model near wall regions. The 3D grid
which had ~2,000,000 cells was uniform in the r & 6 directions, and was stretched in the

z-direction to have more cells in the near injector region. The same grid density as in the
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mid plane (0-z) of the 3D grid was used for the 2D grid (with straight injector) which has

~200,000 cells. The direct comparison of 2D and 3D results is ambiguous when the 3D

injector is not a slot injector, covering the entire depth of the channel, as explained in

Chapter 10. In the current computations, the boundary conditions are kept the same in

both 2D & 3D cases. This ensured nearly the same Reynolds & Mach numbers at the

injector exit. An alternate comparison, not adopted here, might be to keep the mass flow

rate per unit depth of the channel the same in both cases.

WRCVC Combustion

Leading Partial Chamber

Channel

Hot Gas (C-D) Nozzle

Trailing Partial
Channel

Figure 10.1. Simulated Domain in 3D with the C-D Nozzle.

WRCVC Channel (30.5” X2.5” X 2.5")
Leading Partial Channel

(10” X 1.25” X 1.25”)

Trailing Partial Channel (10” X 1.25” X 1.25”)

Injector (1” X 0.6” X 0.6”)

Direction of Injector Motion 0

Figure10.2. Simulated WRCVC Domain in 3D with a Simplified Nozzle Geometry.
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Figure 10.3. 2D Representation of the Computational Domain for the simplified
Nozzle Geometry.

The C-D injector in Case B corresponds closely to actual WRCVC test rig operating
conditions. The C-D nozzle with circular cross sections is approximated by a C-D nozzle
with square cross sections, providing for a simpler grid while keeping the areas and the
lengths of the nozzle the same. This simplicity was in the mesh motion where rectangular
cells of the square cross section nozzle sliding over the rectangular cells of the
combustion channel proved to be more stable numerically than the tetrahedral cells of the
circular cross section nozzle. This approximation did not introduce any appreciable
difference to jet penetration and shape as can be seen from Figure 10.4. Figure 10.4
presents a comparison between a stationary square cross section C-D nozzle injecting into
a channel and a round cross section C-D nozzle injecting into a similar channel. The
contours shown are mass fractions of injected gas. The circular injector has same
dimensions as the one used in WRCVC experiments (Matsutomi et al., 2010). The square
injector was designed to have same cross sectional areas at the inlet, throat, and exit as of

the circular injector. The lengths of converging and diverging sections are also kept the
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same between the two. In these transient numerical simulations, the injectors were
stationary in order to keep the computational cost low. Comparisons of the area averaged
mass flow rates, mach numbers and static pressures at the nozzle exit are plotted in
Figures 10.5, 10.6, and 10.7 respectively. It can be seen from Figure 10.5 that mass flow
rate stays the same between the two cases except from time 1.5 sec to 3.0 sec, where the
mass flow rate of circular cross section injector is slightly higher. However, they
converge back to the supplied boundary value of 0.78 kg/sec after 3.0 sec. This difference
in mass flow rates during times 1.5 sec and 3.0 sec can be explained by looking at the
Mach numbers and static pressures at the nozzle exits. The area averaged Mach number
of the square cross section injector drops from 1.8 to 0.6 at t=1.5 sec, while that of

circular cross sectional nozzle drops only to 1.2 and stays at that value till t=3.0 sec.

A plausible explanation for this behavior is that the back pressure sensed by the gas
coming out of injector exit is increasing at a faster rate in the square cross section injector
compared to that of the circular cross section injector. Since the combustion channel
dimensions and all the boundary and initial conditions were kept the same, it is concluded
that the pressure waves reflecting off of confining channel walls are arriving at the
injector exit faster, in the square cross section injector compared to the circular cross
section injector. This is only possible if the pressure waves from the square cross section
injector diverge more than in the circular cross section injector as shown schematically in
Figure 10.8. Hence they reflect back at the exit faster in the square cross section injector

case than in the circular cross section injector case.
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Figure 10.4. Comparison of Jet Penetration and Jet Shape from a Round Cross Section
and Square Cross Section Nozzle (Stationary). The Contours are Injected Gas Mass
Fraction (Figure credit: Rohitahwa Kiran at Michigan State University).
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Figure 10.5. Comparison of the Area Averaged Mass Flow Rates at the Nozzle Exits.
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Figure 10.6. Comparison of the Area Averaged Mach Numbers at Nozzle Exits.
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Figure 10.7. Comparison of the Area Averaged Static Pressures at Nozzle Exits.
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Figure 10.8. Schematic of Transmitted and Reflected Pressure Waves depicting the
Rise of Back Pressure in the Square Cross Section Injector sooner than that in the
Circular Cross Section Injector.

Hence the flow from the square cross section injector can be taken equal to that of the
circular cross section injector is sufficient time was given for the pressure waves to
reflect off of the confining walls and to raise the back pressure at the nozzle exit. For this
reason and due to the simplicity and robustness of mesh motion in the square cross
section nozzle (here after referred to as the 3D injector), it was used in this thesis after

allowing sufficient time for the flow to develop as from a circular cross section injector.
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The measured mass flow rate from actual WRCVC experiments is used at the inlet of the
3D injector. The combustion chambers were initialized with the pressure, measured
behind the reflected hammer shock before the introduction of the hot gas jet for ignition.
The 2D C-D injector, designed in Chapter 10 is used to compare the 2D and 3D
penetration predictions. The computational predictions of the flow field are analyzed to
get a better idea of the jet penetration, cross-channel flow through the clearance gap and
gas mixing. A good understanding of all these phenomena is very important for the

successful design and operation of WRCVC.

It was shown before that in the initial testing of the WRCVC (Matsutomi et al., 2010 and
Elharis, et al., 2010), certain combustible mixtures failed to ignite, which might be due to
insufficient fuel concentration near the ignition source, which in turn depends on the level
of mixing between hot gases injected and the cold combustible mixture. This was already
analyzed in Chapter 9 in detail. The experimental tests also indicated that ignition in the
combustion chambers were taking place prior to their arrival at the injection point which
could be due to hot gas flowing through the clearance gap. The phenomena can thus be
termed early ignition. This analysis will not include the effect of centrifugal forces or
other effects of rotation, as the injector is assumed to traverse the chamber in a straight

line, rather than rotate past it as in the actual WRCVC.
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10.3 The Transient Confined 3D Gas Jet

The 3D transient confined gas jet, as it enters into the combustion chamber (during the
partial opening period) is seen to spread more in the transverse r-direction than it spreads
in the 0-direction (Injector moves in the 0-direction). This appears to be due to the fact
that the jet is being blocked by the leading wall when it is being opened to the channel.
The gas bounces off of the leading wall onto either side, in the r-direction. Vortex ‘1’ in
Figure 10.9 is blocked by the leading wall, when the injector is at position ‘A’ (Figure
10.9). The vortices drawn in Figure 10.9 are only in three orthogonal planes, but the jet

spreads in all directions as shown in the 3D iso-surface illustration of the computed jet in

Figure 10.10.
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Figure 10.9. Vortex Structures when the Injector is partially opened to the Channel
(Vortex ‘3’ is suppressed by the leading wall).
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The three-dimensional nature of the jet coming into the channel is shown in Figure 10.10
using the iso-surface of injected gas mass fraction equal to 0.01. The jet tends to develop
along the leading wall of the channel like a “pointed mushroom,” and dips down towards
the trailing wall, only when the injector has traversed half the channel width. The jet does

not develop symmetrically, although large asymmetries are not seen.

be8s
e 0.8571 3

0.7657
0.7143
D574 .
Dot r Isometric view
02587 Looking from B-direction
poag
0.7143E-01

z 0.0000

Sectional View

Figure 10.10. Three-dimensional view of the Jet entering the Channel. (Contours
shown are the 0.01 Iso-surface of Injected Mass Fraction and Color Scale shows the
Injected Mass Fraction).
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In order to further understand the vortex structures which govern the mixing process,
sectional views of the injected gas mass fraction in r-z plane is presented in Figure 10.11
for a single injector location. Two vortices in the r-direction and a single vortex in the 0-
direction (the other one is suppressed by the leading wall) can be seen to dominate
mixing of injected hot gas with the cold combustion channel gas. The time selected
(t=0.91 ms) correspond to the earliest ignition time seen experimentally, for the test case
analyzed here. Hence Figure 10.11 shows how the hot gaseous jet might have behaved
just before the initiation of combustion in this selected cycle. Plots in r-z plane are plotted

for different values of 6 and hence only certain cross-sections capture the nozzle flow.
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Sectional Views of the 3D Predictions
(a)t=0.91ms

Figure 10.11. Fluid Mixing Assisted by 3D Vortices (t=0.91 ms). Injector start
opening to Channel at t=0.35ms. The 6 Dimension within the Channel is parallel to
the direction of Injector Motion.
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Figure 10.12. The Development of the 3D Jet Depicted by 0.01 Iso-surf of the
Injected Gas Mass Fraction (Time is measured from the Start of the Injector Motion,

from the Middle of Leading Partial Channel).
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10.4 Jet Penetration

The simulations were initialized when the injector was at the middle of the leading partial
channel which corresponded to t = 0 sec. The initialization and boundary conditions are
summarized in Table 10.1. The specified velocity and density at the nozzle inlet were
only used to calculate the mass flow rate, which was kept constant across the boundary,
while the pressure, density and velocity were allowed to vary. The inlet velocities of the
straight injector nozzles (Cases 3 and 4) were selected to be approximately equal to the

outlet velocities from the C-D nozzles (Cases 1 and 2) at stationary conditions.

The flow progression in the main channel is now described using the straight injector
(constant cross sectional area) simulation, cases 3 and 4 in Table 10.1. As the jet forms
and penetrates, it is noted that the penetration of the 2D jet (case 4) is comparable to the
3D jet (case 3) in the initial part of jet injection process, (Figure 10.13) although the jet
penetration prediction in case 4 becomes larger than that of case 3 in the latter part of

injector travel (Figure 10.14).

It is noted that in Case 3, colder ambient gas ‘backfills’ the region already traversed by
the jet (Figures 10.14 and 10.16), which is not seen in Case 4. This is expected, because
the 3D injector in Case 3 does not completely fill the regions on either side in the r-
direction, and this leaves cold gas that can migrate elsewhere. Identifying possible “cold”
regions is important in studying the development, propagation, and subsequent

completion of the combustion process inside the WRCVC.
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Table 10.1. Initial and Boundary Conditions

Case 1 (3D,C-D | 22D, C-D |3 (3D, Straight | 4 (2D, Straight
nozzle) nozzle) nozzle) nozzle)
Initial Conditions in the main channel
Pressure, kPa 172 172 100 100
Temperature, 347 347 298 298
K
Velocity, m/s 0 0 0 0
Boundary Conditions (at nozzle inlet)
Velocity, m/s 94.3 94.3 1222 1222
Density, kg/m3 | 1.23 1.23 1.3 1.3
Temperature, 2311 2311 2311 2311
K
Boundary Conditions (nozzle walls)
Type No-slip No-slip No-slip No-slip
Velocity, m/s 43 43 43 43
Boundary Conditions (channel walls)
Type No-slip No-slip No-slip No-slip
Velocity, m/s 0 0 0 0

www.manharaa.com




213

Y
2D 3D (Z-6 plane) e
t=0.29 ms
e e —
t=0.39 ms
-— > | _— e T
;
- 2343,
2165,
202G,
15671,
1714,
1556,
t=0.49 ms 15
— | 3 1084,
@ 9271

7633
6126
4553
235.0

t=0.61 ms

Figure 10.13. Comparison of 2D and 3D Cases in the Initial Phase of Injector Motion.
Contours of Absolute Temperature (K) are shown.
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Figure 10.14. Comparison of 2D and 3D Cases in the latter part of Injector Motion
(Partial Channels are not shown). Contours of Absolute Temperature (K) are shown
(Black Circles show colder Ambient Gas returns to the path of the 3D predictions).
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Figure 10.15. Comparison of Jet Penetration in Two Orthogonal Planes in the 3D Case.
(Partial Channels are not shown). Contours of absolute temperature (K) are shown.
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Figure 10.16. Cross-channel Clearance. Contours of Absolute Temperature (K) are
shown. The Clearance Gap is 0.01" starting from Z=0.0".

The development of the 3D jet (Case 3) in r-0 plane is shown in Figure 10.16. One

important thing seen here is the arrival of hot gasses into the main combustion channel
through the cross channel gap before the injector starts injecting into the main channel.
The leading and trailing half channels are shown in this figure as well. The jet develops

symmetrically in the r-0 plane which was not seen in the jet in Case 1.
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The hot gas jet is over-expanded in the jet in Case 1 and exits at an average Mach number
of 1.5. The penetration of the jet into the channel is due to the momentum of the jet rather
than the static pressure difference. The maximum predicted penetration of the jet is ~7 in.
which is about 23% of the combustion channel length. In the context of a WRCVC
ignited by a hot gaseous jet, low penetration might be favorable in that it results in low
cold combustible mixture entrainment and hence retain high jet temperatures. This
predicted jet penetration length can be verified using the in-rotor thermocouple data as
shown in Figure 10.17. Thermocouple data for two test cases during the time when the
torch igniter was turned on (before combustion) is presented in this figure.
Thermocouples TC8 — TC10 which were within 7 inches from the exit side end wall can
be seen to have recorded higher temperatures than the rest of the thermocouples (TC1 -
TC7). Due to the low frequency of the thermocouples used, the recorded temperatures are

average values over multiple cycles.

It can be seen from Figure 10.18 that the axial penetration of the two jets of Cases 1 and 2
are comparable, although the 2D jet in Case 2 tends to spread faster in the circumferential
direction (in the direction of injector travel). Cold regions near the leading end wall can
be seen to develop in the Case 1 where the injected gas fail to migrate, similar to what’s

seen in Figures 10.14 and 10.16.
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Figure 10.17. In-channel Thermocouple (TC) Data for Two Experimental Tests,
during the Period when the Torch Igniter was turned on (prior to combustion) and the
3D Axial Jet Penetration Predictions from Case 1.
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Figure 10.18. Comparison of 3D (Case 1) and 2D (Case 2) Jet Penetration from the C-
D injector. Contours of injected gas mass fraction are shown.

10.5 Gas Mixing

Assessing the level of mixedness between the injected hot gas and the colder chamber gas
is challenging due to the transient mass addition process as explained in Chapter 10. The
injected gas mixes rapidly with the chamber gas upon injection and changes the injected
gas mass fraction in space and time. Similar to the definition of HTM used in Chapter 10,
it is attempted here to use the predicted injected gas mass fraction to understand the level
of mixing inside the chamber, by comparing against the total mass of hot gas injected.
However the temperature of the gas was not used as a selection criterion unlike in HTM.
The ‘level of mixing’ or the ‘mixedness’ of injected hot gas with the chamber gas is
defined to be the ratio of hot gas mass existing at mass fractions within a chosen range to

the total mass of injected hot gas. The limits for this range of injected gas mass fraction
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are selected based on the problem analyzed. The mixedness of the injected gas at
different times, for different injected gas mass fraction limits are shown in Figure 10.19,

and given in Equation 10.1:

m
. LLLY, <UL
mixedness =———2—

mHG,TOtal (101)

The distribution of injected gas mass fraction within the chamber is quantified in Figure
10.19 by plotting the predicted mixedness as a function of time as the injector moves
across the channel. Hot gas began entering the channel at 0.29 ms before the injector
aligns with the top edge of the chamber at 0.35 ms. This is due to the cross-channel flow
through the clearance gap. When comparing the graphs for 0.1<Y<0.9 and 0.3<Y<0.9
(Figure 10.19 bottom figure), it is clear that majority of the injected mass has low mass
fractions (Y = 0.1 — 0.2). By comparing curves for 0.1<Y<0.8 and 0.2<Y<0.8 (Figure
10.19, top figure), it can be further inferred that the mass with mass fractions in the
vicinity 0.1 is greater than the mass with mass fractions in the vicinity 0.2. It is
interesting to note how curves in Figure 10.19 (top figure) tend to converge after 1ms
(injector is at the midpoint of chamber at 1.24ms) which indicates that these upper limits
of the injected gas mass fraction does not affect the mixedness very much as long as the
lower limit selected is the same. This in fact explains that the majority of mass in these
mixtures were near the lower limits after Ims. Overall, it can be concluded that majority
of the injected mass has a lower mass fraction as time progresses which indicates rapid

mixing between injected gas and chamber gas.
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Figure 10.19. Level of Mixing of Injected Gas with Chamber Gas. Y is the Injected
Gas Mass Fraction.
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The variation of high temperature mixedness (HTM) over is shown in Figure 10.20. In
Figure 10.20, the HTM between the limits 0.1<Y<0.9, 0.1<Y<0.8, and 0.1<Y<0.7 is seen
to converge as was seen in Figure 10.19. However the HTM was decreasing over time
unlike an increase over time in mixedness as was seen in Figure 10.19. This means that
majority of ‘high temperature’ mass, is still in the vicinity of Y=0.1 rather than at higher
mass fractions, and the amount of ‘high temperature mass’ which is below Y=0.1 is
increasing with time. If the ‘high temperature mass’ which is above the limit Y=0.1 was
increasing in time, the HTM curves in Figure 10.20 (top figure) would have increased in
HTM scale rather than decreasing. Although the bottom figure in Figure 10.19 indicates a
vast difference in mixedness for curves 0.1<Y<0.9 and 0.3<Y<0.9, the difference in the
HTM for the same limits do not show such a difference. This can be interpreted as
follows: even though the majority of the mass was the vicinity of Y=0.1 not all that mass
had a high enough temperature (780 K to 2500 K). In fact, the injected mass with
sufficiently high temperature was in the vicinity of Y=0.3, although this mass was losing

its temperature very quickly due to entrainment of colder chamber gas.
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Figure 10.20. Level of Mixing of Injected Gas with Chamber Gas, that resulted in
High Temperature Mixtures.
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CHAPTER 11. CONCLUSIONS AND RECOMMENDATIONS

This thesis provides and analysis of the mixing behavior of a gas injected into a long
channel, while the injector traverses across the channel. URANS simulations were used
in 2D and 3D to analyze the salient flow structures which governs the mixing behavior.
Experimental evidence on the behavior of the large scale structures of the mixing process
qualitatively supports the predictions. Major conclusions are summarized under the four
major topics analyzed in this thesis. Recommendations for the effective operation of the
pilot gas injection and the hot gas injection processes, based on the finding of this thesis

are presented at the end.

11.1 Conclusions

1. Conclusions related to the fluid dynamics of mixing in a confined traversing jet
e Numerical modeling of the translating jet is important in understanding the flow
physics governing the mixing process. The translating jet behavior cannot be
approximated by a stationary jet.
e The behavior of the large-scale flow structures governing the mixing process from
a translating jet is quite different from that of a stationary jet. The motion of

counter rotating vortices that make up these structures enhances mixing.
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The motion of the counter rotating vortices inside the confined channel and their
interactions with the channel walls restricts the injected mass to be in the vicinity
of the jet carrier wall.

The jet momentum and the channel cross sectional area compared to the injector
exit area are important parameters governing the vortex size and strength and
hence mixing. Higher jet momentum increases the jet penetration while reducing
channel width will reduce penetration.

A counter-rotating vortex pair is formed upon the initial entry of the jet in to the
channel. The vortex turning towards the leading side wall will be suppressed by
the presence of the wall when the jet momentum is low. The development of this
vortex is important to axial penetration of the jet away from the injector carrier
wall. Suppressing this at lower jet momentums and narrower combustion channel
width will reduce jet penetration. Enhancing this vortex at higher jet momentum
and wider combustion channel widths will increase jet penetration.

Limited jet penetration is advantageous in pilot fuel injection in a WRCVC which
will result in a fuel-rich combustible mixture near the ignition source.

Low jet momentum and penetration can be advantageous in the hot gas injection
process as well, in that the cold ambient gas entrainment will be reduced. This
will preserve hot jet temperatures which will aid ignition.

The jet exit conditions are highly transient and vary considerably during the
injector traverse. This makes it difficult to correlate the jet penetration behavior to

the jet exit conditions.
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Axial and transverse jet penetration was found to increase with the increase of the
ratio ‘mass flow rate / molecular weight’ of the injected gas.

The mixing of fuel with the hot gas jet is decided also by the length of the
unfueled buffer layer existing near the ignition source. The hot gas jet is expected
to penetrate this layer and reach the combustible mixture to ignite it. However
from the finding presented in this thesis, it is clear that the translating jet mixes
rapidly with the surrounding gas compared to a stationary jet. Hence higher jet
momentum, narrower jet exit areas compared to the width of the channel, and
lower translating speeds are necessary if the translating jet is expected to penetrate
further to ignite a combustible mixture.

It is also shown that vorticity is deposited on walls when the combustion channel
is gradually closing into the exit port. These vortices are seen to move along the
walls of the combustion channel which affects subsequent gas injection.
Insightful information was obtained from the 3D translating jet simulations which
were different to the 2D predictions. The spread of the jet in the third dimension
resulted in creating cold surrounding gas to be pushed closed to the injector
carrier wall. This might affect adversely for ignition and/or combustion efficiency.
The cross channel flow was also predicted by both 2D and 3D simulations which
showed this gas comes in to the channel as a wall jet along the injector carrier
wall and stays in the vicinity of it without much penetration. This fact was
experimentally verified, in that ‘early ignition’ was detected in some combustion
channels of the WRCVC prior to its alignment with the igniter. This was only

possible if the high pressure, high temperature gasses from the previous
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combusting channel came in to the current one. However this early combustion
due to this cross channel flow was not observed to take place beyond one
combustion channel. In other words back propagation of combustion was not seen.
This was due to the unavailability of combustible mixture in the vicinity of the
igniter side end wall. The gasses which came through the gap stayed in the

vicinity of the wall and cooled rapidly as it mixed with unfueled, cold gasses.

2. Developed a methodology to support the 1D WRCVC code to better predict the
ignition location and time

e A methodology is proposed to better predict ignition locations inside the
combustion channel. This was done by using the two dimensional gas mixing
simulation data to predict the mixed state of the mixture and its temperature. This
predicted equivalence ratio and the temperature of the gas in the vicinity of the
injector after being mixed with the hot gas was used in a transient one
dimensional code to model combustion and gas dynamics inside the WRCVC
channel in a more economical manner. The resultant predictions of transient
pressure inside the combustion channel were compared to the experimental data
and were found to match very well.

e This improved the capabilities of the 1D code by providing mixed state conditions
prior to combustion.

e The proposed methodology provides better estimates for ignition locations and

times that can be used in the 1D code.
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3. Presented a definition to quantify the mixing from a transient traversing confined jet

which aids to determine its ignition potential

e A new definition is proposed to quantify the degree of mixing of the injected gas
with chamber gases. ‘High Temperature Mixedness (HTM)’ takes into account
the transient mass fraction of the injected gas and its temperature to represent the
state of mixing. The injected gas which has a higher temperature than a threshold
temperature is selected first. This ‘hot mass’ is again screened according to its
mass fraction. The fraction of this hot mass which has its mass fraction between
two known limits is divided by the total hot gas mass injected to obtain HTM.
This index identifies when and where in the combustion channel, ignitable gas is
present. Carefully planned experimental data is necessary in identifying the
threshold temperatures and injected gas mass fraction limits which results in
ignition of different fuels. This is not done in this thesis and is proposed as a vital
future research area.

e Once an ignition criteria is known, HTM can be used to identify the fractions of
hot mass within certain mass fractions of injected gas, and how they evolve in

time.

4. Compared the 2D and 3D predictions of gas mixing from a confined traversing jet
e The spread of the 3D jet in the third dimension resulted in creating cold
surrounding gas to be pushed closed to the injector carrier wall. This was not

predicted in the 2D computations
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e The cross channel flow comes in to the channel as a wall jet along the injector
carrier wall and stays in the vicinity of it without much axial penetration

e Early combustion was not observed to take place beyond one combustion channel
in the experiments. This was due to the unavailability of combustible mixture in

the vicinity of the igniter side end wall

11.2 Recommendations

Some recommendations are made for effective operations of the pilot fuel and torch

igniter jets in the WRCVC test rig (Matsutomi et al., 2010).

A. Pilot Fuel Injector
Requirements:
1. Mix with the combustion channel gas in such a way as to create an ignitable
mixture in the vicinity of the hot gas injector.

2. Not expected to penetrate much axially and get diluted by the un-fueled mixture.

Recommendations:

1. Since the pilot fuel is not expected to penetrate much axially, a low momentum jet
is desired. A lower ‘mass flow rate / molecular weight’ of the injected gas ratio at
the jet inlet will result in low axial jet penetration, as the vortex which turns
towards the leading end wall would be weaker.

2. If a converging-diverging nozzle is being used as the injector, getting the flow to

over expand in the nozzle will also aid in reducing axial penetration. This will
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help vortex V1 (Figure 7.9) to retract towards the injector carrier wall which is
responsible for reducing the axial penetration.

3. An increase in jet traversing speed will decrease axial penetration.

B. Hot Gas Injector / Torch Igniter
Requirements:
1. Mix with the combustion mixture in the channel in such a way as to create an
ignitable mixture.
2. Depending on the fuel stratification technique used, it might be expected to

penetrate further into the channel axially.

Recommendations:

1. If the hot gas is required to penetrate axially, a higher momentum jet is desired. A
higher ‘mass flow rate / molecular weight’ of the injected gas ratio at the jet inlet
will result in higher axial jet penetration, as the vortex V2 (Figure 7.9) would be
stronger.

2. Ifa converging-diverging nozzle is being used as the injector, getting the flow to
under expand in the nozzle will aid in increasing axial penetration. This will
prevent vortex V1 (Figure 7.9) from suppressing the exit flow and reducing the

effecting exit flow area.
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3. For given jet conditions, a reduction in jet traversing speed will increase axial
penetration. For example, if the WRCVC is operated at the design speed of 4200
rpm with the same torch igniter conditions, the axial penetration of the gas into

the combustion channel is predicted to be lower than that obtained at 2100 rpm.

The traversing jet experiment available in CPRL, IUPUI can be used effectively to
experimentally investigate the behavior of the traversing jet. High speed video imaging,
schlieren imaging, and high frequecy pressure data can be used to capture and identify
the salient flow features which can verify the numerical predictions presented in this
thesis. A systematic and detailed study, varying the injector flow conditions, injector
geometric conditions, injector traversing speed, and confinement ratio is required to
arrive at empirical correlartions of jet penetration, jet tip velocity, and mass entrainment

rate of a traversing, confined, turbulent jet.
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