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Abstract

In order to design next generation gas turbine combustor and rocket engines, a systemic
study of flame structure at high intensity turbulent flow is necessary. The fundamental study of
turbulent premixed combustion has been a major research concern for decades. The work is
focused on the design and development of a high intensity turbulent combustion system which
can be operated at compressible (0.3 <M < (.5), preheated (Ty=500K) and premixed conditions
in order to investigate the 'Thickened Flame' regime. An air-methane mixture has been used as
the fuel for this study. An optically accessible backward-facing step stabilized combustor has
been designed for a maximum operating pressure of 6 bar. A grid has been introduced with
different blockage ratios (BR = 54%, 61% & 67%) in order to generate turbulence inside the
combustor for the experiment. Optical access is provided via quartz windows on three sides of
the combustion chamber. Finite Element Analysis (FEA) is done in order to verify the structural
integrity of the combustor at rated conditions. In order to increase the inlet temperature of the air,
a heating section was designed to use commercially available in-line heaters. Separate cooling
subsystems have been designed for chamber cooling and exhaust cooling. The LabVIEW
software interface has been selected as the control mechanism for the experimental setup. A 10
kHz Time Resolved Particle Image Velocimetry (TR-PIV) system and a 3 kHz Planer Laser
Induced Fluorescence (PLIF) system have been integrated with the system in order to diagnose
the flow field and the flame respectively. The primary understanding of the flow field inside the
combustor was achieved through the use of Detached Eddy Simulation (DES) by using
commercially available software package ANSYS FLUENT. Preliminary validation is done by
10 kHz TR-PIV technique. Both qualitative and quantitative analysis have been done for CFD
and experiment. Major flow parameters such as average velocity, fluctuation of velocity, kinetic
energy, and turbulent intensity have been calculated for two distinct Reynolds number (Re = 815
& 3500). PIV results are compared with CFD results which show significant agreement with

each other.
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Chapter 1: Introduction

The fundamental understanding of turbulent premixed combustion is one of the major
research areas in recent time both in aviation and the industry. It has become one of the prior
research interests of the Air Force Office of Scientific Research (AFSOR). In order to design and
optimize next generation gas turbine combustor and rocket engines, a systemic study of flame
structure at high intensity turbulent flow is necessary. Numerous researches have been studying
to understand the fundamentals of flame structure and its interaction with the flow. But the
behavior of turbulent combustion is still not very clear to the scientific community. Designers
still rely on the design-test-modify method which is not only time consuming but also expensive.
Therefore, the industrial community is eagerly waiting for a reliable and effective numerical
model in order to design next generation combustor which needs a detailed experimental analysis

of the fundamentals of turbulent flame structure and a wide range of experimental data.

The development of high repetition rate laser diagnostic technique such as Particle Image
Velocimetry (PIV) and Laser Induced Fluorescence (LIF) enable us to study the turbulent flow
and turbulent combustion in a whole new dimension. These non-intrusive techniques help us to
study the actual high speed flow without affecting the flow field which provides the answer of

the following questions-

* What are the characteristics of premixed flame structure at compressible and
high intensity turbulent combustion?
* What are the limit of regime boundaries of this conditions?

= What are the scales affecting the characteristics of different flame zone?



In order to answer the aforementioned questions with the advanced flow diagnostics
technique, a safe and reliable high intensity combustion system needs to be developed. The main
goal of this study is to design and develop a robust high intensity turbulent combustion system

which can be operated at high pressure (approximately 6 bar) and high velocity (Mach > 0.3).

In order to achieve different operating conditions, the combustion system has to be
designed for a wide range of variables such as flow rate, pressure, preheated temperature and
different level of turbulent intensity. Moreover, the combustor has to be optically accessible for
the high speed laser diagnostic. As the primary purpose of this experiment is to study the flame
structure of a preheated premixed turbulent flame, the combustor has to be safe enough to
operate for a longer period of time. All of these conditions have to be fulfilled in order to design
and develop the combustion system. Figure 1.1 shows the conceptual CAD model of the

combustor and its different features.

Top window Exhaust Section

Cooling Channel *

Methane Lines

\

Side Window

Combustion Chamber
Entrance Section

AirLine Mixing Section

Figure 1.1: Conceptual CAD model of the combustor system.



1.1 Objective

The Center for Space Exploration Technology Research (cSETR) at the University of
Texas at El Paso has a unique facility for combustion research. It has state of the art kHz level
laser diagnostic system consisting of a 10kHz Particle Image Velocimetry (PIV) and a 3 kHz
Planer Laser Induced Fluorescence (PLIF) system. The facility also has 3 kHz high speed
imaging system and a 190 cfm compressor system which can be operated at a maximum pressure
of 140 psi. This specific experiment is supported by the Army Research Office (ARO) and a

collaboration with Princeton University. The main objectives of this project are as follow-

= To study the global characteristics of a backward facing step stabilizing flame in
compressible and high intensity turbulent flow using high speed flow
visualization technology.

* To study flow and flame characteristics using Time Resolved Particle Image
Velocimetry (TR-PIV) and OH/CH Planer Laser Induced Fluorescence (PLIF)
imaging.

= To generate components of turbulent intensity and turbulent kinetic energy.

» To delineated the effects of bulk velocity parameters, turbulence parameters and
recirculation zone characteristics on location, shape, fluctuation, reaction zone

and local displacement speed.

There are some specific tasks to compete for each objective. The first task is to develop
an optically accessible backward facing step stabilized combustor with a fully functional control
system. The next task is to integrate the sub systems and validate the functionality of the system.
There are some other tasks such as experimental measurements to evaluate global flow and flame
regime, simultaneous PIV and OH/CH-PLIF imaging of the flame which can be done after a

successful system development of a reliable and safe high intensity combustion system. At this



stage, the author's primary goal is to design and develop a fully functional optically accessible
high intensity turbulent combustion system in order to diagnose the flow and flame by PIV and

PLIF technique respectively.

1.2 Thesis Outline

The author tried to focus on the design and development of the combustion system which
includes a detailed review of previous work on combustor design, the theory of mechanical
design and system design, fundamental working principle of flow and flame diagnostic
techniques (PIV & PLIF), system integration, data acquisition and CFD analysis of flow inside

the combustor.

Chapter one of this thesis describes the objectives of this work and its importance.
Chapter two includes the detail theory and literature review of turbulent flow, statistical analysis
of turbulent flow, properties of turbulent flow, characteristic length scale and time scale
definition, grid induced turbulence, flow through a backward facing step channel. In this chapter
the author also describes the theory and literature review of combustion, laminar flame speed,

turbulent premixed combustion and different flame regime.

Chapter three includes the detail design of the combustor and the system integration.
First the author described the previous combustor design done by different researcher. Then a
detail design approach has been described based on experimental criteria and requirements. The
design of each individual component has been described in this chapter which includes the main
chamber, the entrance and exhaust section, the window, the grid and the step. The Von Mises
stress has been calculated and showed in this section for each components. Moreover the heating
and exhaust system have been described with chamber cooling and exhaust cooling analysis.

Finally the system assembly has been showed with flow schematic and detailed description.



Chapter four consists of the description of different instrumentation and measurement
devices. It includes the working principal of Particle Image Velocimetry (PIV) and its setup
criteria for this specific experiment. Then the similar description for Planer Laser Induced
Fluorescence (PLIF) has been added. A detailed description of pressure, temperature and flow
rate measurement have been described. Finally the control system and the data acquisition

system have been described.

Chapter five shows the PIV results and the CFD results of the combustor flow field. A
preliminary flow analysis of the combustor with different grid and different Re have been
showed. Vector field of velocity, contour of vorticity, kinetic energy from PIV analysis have
been included. The CFD result includes the contour of velocity field, vorticity, and pressure
distribution inside the combustor for different Re. Finally the average velocity calculated from
both CFD and PIV are compared. The plot of mean velocity, fluctuation of velocity, turbulent
intensity and turbulent kinetic energy at different location of the combustor are shown for both

CFD and PIV analysis.



Chapter 2: Theory and Literature Review

2.1 Turbulent Flow

Turbulent flow is the most common phenomena in engineering application. In general,
turbulent flow is unsteady, irregular, chaotic and seemingly random [1]. Almost all of the
internal and external flow applications experience turbulent flow. For example, flows around
airplanes, automobiles, ships are mostly turbulent flow. Similarly, flow through lines, pumps and
compressors are also highly turbulent. Moreover, the mixing of the reactants in chemical
reactors, boilers, furnaces and mixing of fuel and air in engines take place in turbulent flow.

One of the most important characteristics of turbulent flow is its ability to transport. This
transport results in mixing of fluid more efficiently then laminar flow which is well demonstrated
by Osborne Reynolds [2] where dye is injected on the centerline of a long water flowing pipe.
Later he established single non-dimensional flow characteristic parameter known as Reynolds

number, Re [3]. In general, Reynolds number is defined as-

UL
Re = —
v

where U and L are the characteristic velocity and length scales of the flow, and v is the
kinematic viscosity of the fluid. For different case and geometry, the Reynolds number dictates
whether the flow should be laminar or turbulent. Careful observations show that for different
Reynolds number the scale motion and flow behavior changes significantly. Figure 2.1 shows a
typical planer images of a turbulent jet at two different Reynolds number which shows the
irregularity and large range of length scale. The effectiveness of turbulence for mixing and
transporting is one of the main applicable features in industry. It is expected that, when two
fluids are brought together, mixing would be as rapidly as possible which is important for
pollutant dissolving to the atmosphere that comes from different chemical reactor and other

combustion devices. Moreover the efficiency of heat and mass transfer, combustion and



chemical reaction depends on the mixing process where turbulence plays significant role.
Turbulence also results in mixing of momentum of fluid for which air craft wing and ship hull

experience wall shear stress [1]. In addition, rate of heat and mass transfer at different interface

are enhanced by turbulent flow.

Figure 2. 1: Planer image of concentration in a turbulent jet: (a) Re = 20,000 and (b) Re = 5000
[4]

As numerous practical applications are involved in turbulent flow for transport and
mixing of matter ; and as the rate of transport and mixing largely enhanced by turbulence, ample
amount of studies have been done on turbulent flow. Many people tried to find the answer of
some basic questions on turbulent flow and its behavior. Every fluid motion consists of different
scale motion. Among them large scale motion entirely depends on the geometry of the flow and
they plays the main role to control transport and mixing [1]. On the other hand the behavior of
small scale motion depends on the rate of energy transferred from large scale and the viscosity
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which is independent of flow geometry. Batchelor [5], Monin and Yaglom [6], Panchev [7],

Lesieur [8] and McComb [9] tried to address the mathematic of these small scale motion.

2.1.1 STATISTICAL DESCRIPTION OF TURBULENT FLOW

Turbulent flow phenomena shows non linear behavior. The velocity field U(x,?) is
random. In a turbulent flow field, the velocity, temperature and pressure change with time. When
this change is independent of direction, it is known as isotropic turbulence. Figure 2.2 shows a
typical velocity measurement of an experiment which shows the randomness of velocity due to

turbulence.
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Figure 2. 2: Velocity measurement on the nth repetition of a turbulent-flow experiment. [1]

Due to this random behavior, the local flow parameters are characterized into a mean
and a fluctuating component. Figure 2.3 demonstrates the mean and fluctuation of velocity in a
turbulent flow field which is also shown in equation 2.1. Here, u(t) is the instantaneous velocity
which is divided into a mean U and a fluctuating [u'(t)] term. The mean velocity is the time
average velocity of the flow field where the fluctuation of velocity is a function of time and the

time average of the fluctuation of velocity is zero.
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Figure 2. 3: Velocity measurement on the n th repetition of a turbulent-flow experiment.

ut) =U+u'(t) (2.1)
As the velocity variable U in a turbulent flow field is a random variable, the Navier-
Stokes equation cannot predict the velocity variable accurately. Therefore, researchers have
developed ample of theory to determine the probability of an event such as P~ [ U <N ms™ ].
The random variable U can be characterized by its probability density function (PDF). The
probability of an event can be defined by the cumulative distribution function (CDF). For
example, if the probability of two events A and B is P(A) and P(B) such that -
P) = P{U<TV,}
P(B) = P{U <V
Then from definition, the cumulative probability distribution function of both event
would be-
F(Va) = P{U<V,}
F(Vb) = P{U < V}}
Therefore, the probability of an event C can be defined as-
P(C)=P{Va<U<Vb}= P{U<Vy}-P{U<V,}
P(C) =F(Vy) - F(Va) (2.2)



The probability density function (PDF) is defined as the derivative of the CDF and it is

non-negative and it satisfies the normalization condition [1]. Equation 2.3 - 2.5 defines the

mathematical relation and properties of PDF. Moreover, figure 2.4 demonstrates the graphical

relation between CDF and PDF [1].
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Figure 2. 4: (a) CDF of a random variable U representing the probability event of the event C =

{Va <U < Vby}; (b) the corresponding PDF.

Now, the definition of mean and fluctuation of the random variable U can be written as-

<U>= ["PvfW)av

u=U-<U>

10

(2.6)

(2.7)



But the most important parameter for turbulence study is the variance of the random
variable which is also known as the mean-square fluctuation. The square-root of the variance is
the standard deviation which is also known as root mean square (r.m.s) of U. Equation 2.8 and

2.9 defines the variance and r.m.s respectively.

var ) =<u?>= ["2(V—<U >)*f(V)dV (2.8)
Upms = U = sdav (U) = Jvar (U) = < u? >% (2.9

2.1.2 PROPERTIES OF TURBULENT FLOW

Turbulence is considered one of the greatest unsolved problem in classical physics. Due
to its non-linear behavior, turbulence is very difficult to define mathematically. Numerous
researchers have done significant amount of work in order to characterize the turbulent flow. To
measure different turbulent properties in the laboratory, researcher have developed couple of
method to generate laboratory scale turbulence. One of the most common methods among them
is the grid induced turbulence where the a wire mesh or grid are placed in the flow field in order
to generate a homogenous and isotropic turbulence [10]. Another method is the von Karman
swirling flow [11,12] where two coaxial counter-rotating discs are used in the middle of the flow
field which also generates homogenous and isotropic turbulence. Classical experiments have
measured the velocity u(x, ¢) by using hot-wire anemometers. But this experiment fails to predict
the velocity components at different direction. Moreover the spatial and temporal resolution
cannot be measured by this method [13,14].

The invention of flow visualization technique such as Laser-Doppler Velocimetry [13],
Particle Image velocimetry [14], Particle Tracking Velocimetry and Topographic PIV [15] have
enabled the opportunity to find the velocity field without affecting the flow field directly. These

measurement techniques are able to predict the following properties of turbulence-
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Turbulence Kinetic Energy, £

The turbulence kinetic energy (TKE), £, is defined as the energy per unit mass of the
turbulent fluctuation, u;, in a turbulent flow field. It is characterized by root-mean-square
velocity fluctuation. The S.I unit of TKE is J/Kg or m*/s”. For a 3-dimensional flow field, if the

r.m.s of the velocity fluctuation of x, y and z direction are uZ2, u_g,z and u? respectively, then the

TKE can be calculated by eqn. 2.10.

ke=-uu == (uf +uf +uf ) =2 (2.10)

Turbulence dissipation, &

The turbulence dissipation, €, is defined as the rate at which the turbulence kinetic energy
is converted into thermal energy. Most of these energy is internal thermal energy. The quality
and efficiency of many industrial process are dictated by turbulence dissipation rate. The S.I unit
of € is J/kgs or m*/s’. There are three main approaches by which € can be measured [16]. Such
approaches are : time series analysis [17], spatial correlation technique [18] and direct
calculation from spatial velocity derivatives [19]. Turbulence dissipation rate for incompressible

and compressible flow can be defined by eqn. 2.11 & 2.12 respectively-

e = dur, dur, 711
axk axk ( ' )
g =l 24 2.12
- ﬁ l] ax ( . )
where T;; is defined as viscous stress which is given by the eqn. 2.13-
— * 1 (ou;  Ouj 1 duy
TU = 2[151] = 2‘Ll [2 (ax]' + o2, ) 3 %y 6 (213)
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Turbulence intensity, /
The turbulence intensity is a scalar parameter that refers the turbulence level of a flow
field. In general, it is expressed as a percent. An ideal flow which has no velocity fluctuation ,

has the turbulence intensity of 0%. The definition of turbulence intensity is-

~
1]

ul
m (2.14)

Here u' is the r.m.s of the turbulent velocity fluctuation at a particular location over a
specific period of time and U is the mean velocity at the same location over same time period.
Typically the turbulence intensity of high speed flow inside rotation machineries and inside
complex geometry is around 5% to 20%. The level of turbulence plays very significant role in

the design of aircraft, automotive body and chemical mixing process.

Isotropic Turbulence

Isotropy is the property which is independent of orientation and homogeneity implies the
independence of position in space. Therefore, isotropic homogenous turbulence implies that, the
average properties are independent of direction which is shown in figure 2.5. More precisely, the
flow is assumed to be isotropic if rotation and buoyancy are not important and there is no mean
flow. On the other hand, if there are no spatial gradients in any averaged flow quantity, then the
flow is considered as homogenous. In isotropic turbulence, all statistics are invariant under

translation, rotation and reflection of the coordinate system such that-
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statistically
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Figure 2. 5: Statistically homogeneous isotropic turbulence.

2.1.3 TURBULENT LENGTH SCALE AND EDDY CASCADE

Turbulent flow carries different size of eddies. These size varies with the energy
associated with each eddy. The turbulent length scale, [, is defined as the size of the large energy
containing eddies in a turbulent flow field. It is used to estimate the turbulent properties in a
turbulent model. The largest eddies in the flow contains the most of the transport energy and
momentum and the size of these eddies are dictated by the physical boundaries of the flow. This
large scale is also referred as integral length scale, L,,. The size of the smallest eddies, 1, are
determined by the viscosity which depends on the Reynolds's number. As the eddies approach
smaller and smaller, the effect of viscosity become more dominant and eventually the kinetic

energy of the flow is dissipated into heat.
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The interactions between these large scale and small scale structures can be described by
the Kolmogorove's hypothesis [20] and energy cascade principle. According to the Kolmogrove
hypothesis, larger eddies contain the maximum energy and the energy transfers from the larger
eddies to smaller eddies as an energy cascade manner. Eventually the energy dissipates due to

viscosity and converted into heat. A pictorial representation of energy cascade is shown in figure

2.6.
Energy Cascade
Energy
~I,
QQOQ Transfer
of Energy
odilaecova=
=l @l-leoallilels bl @l-L]
v
~n Dissipation
of Energy

Figure 2. 6: Energy cascade of turbulent flow.

Turbulent length scale can be determined by a two-point correlation. Suppose, two points
(point land 2) are considered (figure 2.7) in a two-dimensional flow field which is separated by
the distance, X; and spatial velocity components are measured. If any vortex passes through the
points then the velocities at those points can be correlated. The correlation coefficient of the

velocity, u, can be expressed as-

Auq.Au, (2.15)

urq.Aur,
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Figure 2. 7: Tow point velocity correlation.

The value of Ry, varies from 0 to 1. 0 corresponds no correlation between the velocity
components of the two points and 1 indicates the velocity components are perfectly correlated.
The value of the coefficient, R;, increases as the distance between point 1 and 2 decreases. The
size of the large length scale can be calculated by integrating R, along the coordinate X; which
can be presented by equ. 2.16. Here, [ is called the integral length scale and the relation between

the distance, X; and [ in shown in figure 2.8.

[0¢]

L, = lez(Xi)dXi (2.16)

Figure 2. 8: Relation between two point correlation coefficient and integral length scale.
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According to Kolmogorov's hypothesis, at high Reynolds number, the small scale
turbulent motions are statistically isotropic [20]. The dominating factors influencing the behavior
of small scale motion are the overall kinetic energy dissipation rate (&) and the viscosity (v). The

length scale formed from these two quantities is-
v3.1
n= () (2.17)

This length scale is called the Kolmogorov length scale, 1, in turbulent flows.
Kolmogorov's hypothesis also stated that, the rate at which the energy is transferred to
successively smaller eddies is universal and does not depend on the eddy size. Therefore the
energy distribution in a turbulent flow measured by eqn 2.18 which is known as length scale

cascade.

€= ——~—~’2— - E, ~ (e.L,)3 (2.18)

Here, k is the turbulent kinetic energy, L, is the integral length scale and E, is energy
content of length scale cascade. If Ln is replaced by 1/x where k is a wave number then eqn

2.18 can be written as-
2 5

9E, 2 s
E, (k) = oo X gk 3 (2.19)

The above relation is true for the inertial sub-range (figure 2.9) where the amount of
energy in the small scale (high wave number) decreases as the structure become smaller and the
dissipation of large scale (low wave number) decreases as the structures become larger. Figure
2.9 shows the energy cascade in logarithmic scale. From the figure, it is obvious that the large
eddies contain most of the energy and small eddies are much weaker as they contains less

energy.
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Figure 2. 9: Energy spectrum of turbulence length scale

In order to relate the Kolmogorov scale to the largest scale, an estimation of dissipation
rate in terms of large scale flow is necessary. Since the dissipation rate is proportional to kinetic
energy product rate, it can be assumed that the kinetic energy transfer rate to the small scale is
proportional to UZ2. On the other hand the time scale of the large eddies can be estimated as L/U.
From the definition of kinetic energy dissipation rate, it is known that the kinetic energy supply

rate will be related to the inverse of the time scale. Hence, the dissipation rate is approximated as

3

£~ If]/—ll]) ~ UT which shows that dissipation does not depends on the viscosity. Using this relation
3 1

in eqn 2.17, the definition of small length scale becomes n = (l;]—: 4. This relation gives an

estimation for the ratio of the largest scales in the flow-

% - (%)3/ Y R/t (2.20)

v

where Re is the Reynolds number based on the large scale flow feature. Another

Reynolds number often used in turbulence study which is known as turbulent Reynolds number

! 12
Re;. Here A is the Taylor microscale which is defined as (Zix) = 1;—2 . Therefore the turbulent

Reynolds number is defined as-
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Re,l = —

Another important parameter of turbulence study is the time scale. Just like the integral
length scale, the large eddy turnover is defined as t;, = % Similarly the time scale for the small

1/2
eddies are related to viscosity and the dissipation such as t, = (Z) .Therefore the relation

between the time scale of large eddies and small eddies is-

1/2
L~ (Z)7 = Rey”? 2.21)

ty v

2.1.4 GRID INDUCED TURBULENCE

In order to create homogenous turbulence, wire mesh or wire grid are used. It has been a
common laboratory practice to generate turbulence by gird. One of the key characteristics of grid
induced turbulence is that it can generate decaying homogenous turbulence where the flow
statistics changes only in x-direction [1]. The turbulence can be characterized by the grid size d,
and grid spacing M. It is assumed that with a uniform stream velocity Uj, the grid can generate
homogenous turbulence with evolve with time such as ¢ = x/Uj [1]. The behavior of grid induced
turbulence is virtually identical as the large fluid tank which has been vigorously stirred and then
left to itself. This type of turbulence is called freely evolving turbulence [21]. There are some
distinctive features in grid induced turbulence. Figure 2.10 shows the difference stages of grid
turbulence. The first stage is the transition stage for the flow to become turbulence by the grid.
The second stage is the fully developed turbulence where the turbulence is fully homogenous and
finally the decay of the turbulence through small-scale which is shown in stage III. Comte-Bellot
and Corrsin [22] studied different features of grid induced turbulence. Figure 2.11 shows the grid
of a turbulence generator and the decay of Reynolds stress. Figure 2.11(b) shows the
measurement of <u’> and <v’> from the grid-turbulence experiment [22]. As an ideal case the

experiment shows that <v’> and <w’> are equal. From the figure, it is also seen that the r.m.s
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Figure 2. 10: Grid turbulence and its different stages [21]
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2.1.5 FLOW OVER A BACKWARD FACING STEP

Flow over a backward facing step is one of the classical fluid mechanics problem.
Extensive experimental and numerical works have been done on this problem. Due to its
geometric simplicity and flow diagnostic technique, this phenomena has become a practice for
numeric validation for computational fluid dynamics (CFD). A significant amount of work on
flow through backward facing step has been done by Armaly et al [23]. They did a detailed
analysis of flow behavior inside a backward facing step channel experimentally and numerically.
Ample amount of work have been done by numerous people. Lee and smith [24] used the
potential flow theory to address the problem. The potential flow theory did not able to predict the

flow separation or reattachment region behind the step.
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Figure 2. 12: Schematic of different separation zone in a backward facing step flow.

Early numeric predictions of backward facing step flows were done by Roache [25],
Taylor and Ndefo [26] and Durst and Pereira [27]. A separation region at the lower corner of the
step was predicted by Alleborn et al [28] after a careful study of a sudden expansion of such
channel. Brandt et al [29] and Hack bush [30] used multigrid method and Lange et al [31] used
local block refinement technique in order to predict more precise result. Armaly et al [23]
detailed experimental work with a step geometry having H/h = 1.94. Kim and Moin [32]

computed using a second order space-time technique. The found a good agreement with
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experimental data for Re up to 500. The computed data started to deviate from the experiment
from Re = 600. Durst et al [33] observed a second flow separation zone in two dimensional
numerical simulation of a symmetric sudden expansion flow. Kaiktsis et al [34] observed that the
unsteadiness was created by convective instability. Hossain et al [35] also studied flow
separation and matched with existing data.

Figure 2.12 shows a schematic of different separation zone in a backward facing channel.
In the present study, primary CFD analysis has been done. Figure 2.13 shows the validation of
the data in a 2D backward facing step channel with an expansion ratio of 2:1. The detail of the
CFD analysis are described in the later part of this chapter. Figure 2.13 demonstrates the
separation length with respect to Reynolds number. As the Reynolds number increases the
separation length also increases. It is important to note that this result is used only for the
validation of the CFD model. The 'CFD project' represents the results No grid is used to generate

the turbulence. The author used the experimental geometry and boundary conditions [23].
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Figure 2. 13: CFD result validation with experimental data.[35].
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2.2 Combustion

Combustion is a rapid oxidation process generating heat or both light and heat [36]. The
flame is thin reaction zone where intense chemical reaction propagates through the unburned air-
fuel mixture. This thin reaction zone or flame releases the heat of reaction which causes the rise
of the temperature and pressure of the surrounding gas. Combustion can happen both in flame or
non-flame mode. In the flame mode concept, combustion can be categorized into two main types
such as-

o Premixed combustion or premixed flame
. Non-premixed combustion or diffusion flame

Behind the thin reaction zone (flame) are the hot combustion product. The released
energy of fuel increases the temperature and pressure of the unburned gas which accelerates the
reaction process and therefore continue the combustion. The premixed and non-premixed are
related to their state of mixedness of the reactants. In the premixed flame, the fuel and oxidizer
are mixed at the molecular level prior to the chemical reaction. On the other hand, in a diffusion
flame, the reactants are initially sprayed, and reaction occurs at the interface of the fuel and

oxidizer. One of the key features of a diffusion flame is, both mixing and reaction occurs at the

Temperature

same time.

Oxidizer

1
11 Reaction rate
]

Reaction rate

1

1

\
Temperature \
\
L}

Oxidizer

(a) (b)

Figure 2. 14: Concentration & temperature profile. (a) premixed, (b) diffusion flame.
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In this current experiment, a premixed methane-air flame has been studied. In order to
initiate the combustion, methane-air has been mixed within their flammability limit and ignited
by a spark plug. The detail of the experiments are described in the later chapters. Although most
of the hydrocarbon combustion produces carbon dioxide (CO,) and water (H,O), the mechanism
of this combustion process is not straight forward. In recent years researchers have been trying to
describe combustion process at the level of elementary chemical steps with their detail chemical
kinetic mechanisms [37- 44]. Some mechanism contains thousands of elementary reaction steps
among hundreds of chemical species. For example, hydrogen combustion is included with 21
steps among 8 chemical species, combustion of carbon monoxide with 30 steps among 11
species, methane, methanol, ethane, ethylene, and acetylene combustion with 134 steps among
30 species and propane, propene, allene, and propyne combustion with 177 steps among 37
species [45]. In order to avoid complexity, a simplified path of CH4 combustion can be written
as-

CH, - CH; - CH,0 - HCO - CO - CO,

Reactants

Fuel: C.H,

Products

Combustion — €0, ,H,0,N, ,0,

C.Hy + 2(0, + 3.76N,) » aC0, + bH,0 + cN, + d0,

Air: 0, + 3.76N,

S I} S

Figure 2. 15: Simplest representation of stoichiometric combustion of hydrocarbon fuel .

The basic combustion process can be described by the fuel and the oxidizer known as
reactants which undergo a chemical process while releasing heat to form the product. When all
the carbons in the fuel converts into carbon dioxide (CO,) and all the hydrogen forms water

(H20) then the combustion process is known as Stoichiometric Combustion. Figure 2.15 shows
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the simplest representation of stoichiometric combustion where z is the stoichiometric coefficient
of the oxidizer. The reaction yields five unknown: z, a, b, ¢, d. For stoichiometric combustion, as
there is no excess oxygen, thus d = 0. Balancing the number of atoms of the reaction shown in
figure 2.15, the other variables ( a, b, ¢, z ) can be found which is shown in table 2.1. Therefore,

for methane combustion, the stoichiometric equation is be written as-

CH, + 2(0, + 3.76N,) - CO, + 2H,0 + 7.52N, (2.22)

Table 2. 1: Calculation of stoichiometric coefficient

Elements Amount in reactants = Amount in Products Reduced Equation
Carbon (C) X a a=x
Hydrogen (H) y 2b b=y/2
Oxygen (O) 2z 2atb z=a+b/2
Nitrogen (N) 2(3.76)z 2c c=3.76z

2.2.1 LAMINAR PREMIXED FLAME

Laminar premixed flame is the one of the simplest flames to study the fundamentals of
combustion. Understanding laminar premixed flame is the first step towards understanding
turbulent flames. The physical process of laminar and turbulent flow phenomena are similar.
Therefore, a handful number of turbulent flame theories are developed based on laminar flame
structure. It is also used to determine important design parameters such as flame-stability
characteristic, flashback and blowoff limit, flammability limit, ignition and extinction
phenomena. In order to study the flame, it is very important to understand different zones of
combustion. Friedman and Burke [46] indentified two distinct zones (preheat zone & reaction
zone) in a laminar flame structure. Figure 2.16 shows the two different zones of a laminar flame
structure. In the preheat zone the heat is little released and the temperature gradient is small but

in the reaction zone, the bulk of chemical energy released and the temperature gradient is high.
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Moreover, the reaction zone can be divided in to two sub-zones. The primary reaction zone is the
fast-chemistry zone which is a very thin zone having a very large gradient temperature and
species concentration. These large gradients provide the driving force that causes the flame to be
self-sustaining [47]. The secondary reaction zone is the slow-reaction zone where the chemistry
is dominated by three-body radical reactions. This zone can be extended several millimeters in
atmospheric pressure.

Another popular technique of characterizing the flame is visual radiation. The fast
reaction zone appears blue results from the excited CH radicals in high temperature zone. OH
radicals also contribute visual radiation. These radiations such as fluorescence and

chemiluminescence are used for flame front characterization [48-50].

Preheat zone
Tb

O(1)

Reaction zone
) O(e)

Yo,p

Figure 2. 16: Laminar flame structure. Temperature and species concentration profile [46] .

2.2.2 LAMINAR FLAME SPEED (S;)

Characterizing a flame front is basically measuring the flame speed (Si) and flame
thickness (6). Flame speed is defined as the rate of expansion of the flame front in a combustion

reaction. Laminar flame is defined as the speed at which an un-stretched laminar flame front will
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propagate through a quiescent mixture of unburned reactants. Laminar flame speed depends on
the temperature of the reaction zone, the rate of reaction and the thermal diffusivity of the
mixture. There are different measurement technique for determining flame speed. When a tube
containing combustible mixture, the flame speed is the propagation speed of the flame front
towards the unburned mixture. On the other hand, in a flat flame burner the flame front is
stationary and the approaches the flame front at a speed equivalent to the flame speed thus
establishing the flame. The laminar flame speed of reactive mixture depends on its equivalence
ratio (¢), initial pressure (Py) and initial temperature (Ty) of the air-fuel mixture. A simple

relation of determining flame speed is given by equ. 2.23.

S, = Sio (T—“) (2.23)

Tu0

Table 2. 2: Laminar flame speed of the Stoichiometric Methane-Air at various range of ¢, T, and

P,

Researcher 0} Ty (K) P, (atm) Su (Pmax) Swoat ¢ =1.0
Yan et al. [54] 0.6-1.4 283-373 1.0 38.0(1.05) 36.9(1.72)
Takizawa et al. [55] 0.7-1.3 280-330 0.8-1.1 36.5(1.07) 35.5(1.88)
Liao et al. [56] 0.6-1.4 300-400 0.5-1.5 39.1(1.05) 39.4(1.58)
Gu et al. [57] 0.8-1.2 300-400 1-10 36.0(1.00) 36.0(1.61)
Stone et al. [58] 0.6-1.4 293-454 0.5-10.4 37.6(1.00) 37.6(1.42)
lijima & Takeno [59] 0.8-1.3 291-500 0.5-30 36.9(1.12) 34.5(1.60)
Sharma et al. [60] 0.8-1.2 300-600 1-8 34.1(1.10) 33.0(1.68)

where o is the temperature exponent which is a function of pressure and mixture
equivalence ration and S , is the laminar flame speed at ambient condition. In this current study,
the primary fuel is methane and the total concentration of this study is focused on methane-air
combustion. Therefore it is important to learn the methane-air combustion phenomena. Ample

amount of research have been done by many researcher. The flame speed for methane-air
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combustion is well documented. Figure 2.17 shows the flame speed of methane-air combustion
at atmospheric pressure [51-53]. Various power law correlations have been proposed in the
literature for methane-air mixtures. Table 2 shows the laminar flame speed deduced from

different correlation available in the literature.

CH‘—airFlame Speeds 298K 1 atm
50 7 o

i :. ]
40 [ o G ,

30 [

Flame Speed (cm/s)

20 |
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GRI-Mech 2.0 Optimiz.
— — -Base Mechanism

o.” =-=&==yankMaaren et al 94 1
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Figure 2. 17: Laminar flame speed of methane-air at 298K and 1 atm pressure [61]

The effect of pressure and temperature are also studied by number of researchers. Among
them the most significant works have been done by Law [62], Garforth [63], Babkin et al [64-66]
Andrews [67] and Lijima [68]. They measured the laminar flame speed at pressure range of 0.25
to 20 atm. Figure 2.18 shows their results. Moreover, the effect of preheat temperature has been
studied by Kumar et al [69]. They performed experiment for a wide range of mixture temperature
(370 to 650 K) and equivalence ratio (figure 2.19). In this study, the combustion chamber has
been designed for 5 bar pressure and a maximum preheated temperature of 5S00K. Therefore,

important data have been considered form figure 2.19 and 2.20 during the design of the chamber.
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Figure 2. 18: Laminar flame speed of methane-air at 0.25 to 20 atm [61]
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Figure 2. 19: Laminar flame speed of methane-air at elevated temperature [69]
2.2.3 TURBULENT PREMIXED COMBUSTION

Just like laminar flame, turbulent flame is also dictated by the flow Reynolds number. In
order to fully understand turbulent combustion, the turbulent flamelet structure and turbulent

flame speed need to be described. Turbulent flamelet structure consists of reaction layer surface
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area per unit volume (X), the brush thickness (dt1) and the stretch factor (I,). The relation between

these parameters with the turbulent flame speed can be defined by equ. 2.24.

S +o0
S—T =1, f dn = 1,Zma07 (2.24)
Lo —0

Turbulent premixed flame have different structure at different conditions. These
structures depends on the turbulent length scale and the chemical time scale. The interaction
between the turbulent flow field and flame front are characterized by some dimensionless
number. Most common dimensionless number in turbulent combustion are Turbulent Reynolds
number (Rer), Damkohler number (Da) and Karlovitz number (Ka). The turbulent Reynolds
number is a function of integral length scale (L), velocity fluctuation (u'), laminar flame speed
(Sp) and laminar flame thickness (87) which is shown in equ 2.25. The Damkohler number is the
ratio of turbulent scale (L1/u') and the chemical reaction time scale (61/Sr). Equation 2.26 shows
the definition of Damkohler number. Large Damkohler number (Da >> 1) refers the turbulent
time is larger than the chemical time scale. For high intensity turbulent combustion, the
Damkohler number is much higher. The Karlovitz number (eqn 2.27) defines the relation
between the laminar flame thickness (0t1) and the smallest turbulent length scale () commonly

known as Kolmogorov length scale.

_ urLt
Rep= It (2.25)
Da = —m =z ;—i (2.26)
1 3
LT\ "z (u'\2
Ka = (ﬁ) 2 (Z_L)Z (2.27)

Ample amount of research have been done to measure turbulent flame speed, flamelet
structure and integral scale. Table 2.3 shows the list of authors who made the significant
contributions on finding turbulent flame speed. Figure 2.20 represents the turbulent flame speed

for methane-air stoichiometric mixture.
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Table 2. 3: Experimental study of turbulent flame speed.

Authors Type Fuel
Cheng and Shepherd [70] Bunsen CH,, C,H,4
Chen and Bilger [71] Bunsen CH,, CsHg
Filatyev [72] Bunsen CH,
Lee et al [73] Bunsen CH,, C,H,4
Shepherd and Cheng [74] Flat low swirl CH,
Bedat et al [75] Flat low swirl CH,4
Cheng [76] Flat low swirl CH,, C,H,4
Cho et al [77] Flat counterflow CH,4
4

L Stoichiometric methane-

L ° air Bunsen flames

12 m/s

O Filatyev U =3 m/s
o Filatyev U =5 m/s
A Filatyev U =8 m/s
¢ Filatyev U =12 m/s
e Cheng
Smallwood
# Yoshida
Kobayashi

A Karlovitz
u Hottel

0 1 2 3 4 5
Turbulence Intensity u'/ S

Figure 2. 20: Turbulent flame speed measured by Filatyev et al [72]
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2.2.4 FLAME REGIME

Cheng and Shepherd [74] have suggested four different categories of turbulent premixed
flames:
¢ Envelope flame: axisymmetric [78].
e Oblique flame: V-flame [79].
e Flat flames : low swirl, counter flow [80].
e Spherical flames [81].
But the most popular classifications of turbulent flames are proposed by Borghi [82]
which is known as flame regime diagram. This diagram (figure 2.21) was modified by peter [83].
The diagram is characterized by dimensionless parameters (Rer, Da, Ka) , turbulent parameters
(u', Lt) and flame parameters (Si, or). This diagram also assumed that the mass diffusivity and
the thermal diffusivity is equal. Therefore, the Schmidt number is unity. Figure 2.22 shows a

pictorial representation of different flame regimes.

B

3. thin reaction zones
(thickened flames)

0.1 1 10 100 1000
L./&,

Figure 2. 21: Flame regime diagram by Borghi modified by Peter.
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Figure 2. 22: Different flame regime and its characteristic

Wrinkled Flame Regime

The line Rer > 1 separates all the turbulent flame regime. The first category of these

!
flame is wrinkled flame regime where both Z— & l(;—T terms are less than one which refers that the
L L

turbulent flame speed is much faster than the turbulent time scale. One the other hand the
integral length scale is much larger than the flame thickness. Large eddies interact with the
reactions zone results in wrinkling in the flame front. Figure 2.23 shows the typical wrinkled

flame under CH-Laser Induced Fluorescence (LIF) image.

Corrugated Flame Regime

Corrugated flame regime is characterized by u’ > S;, Re; > 1 and Ka < 1. This small
Karlovitzs number implies that the flame thickness is much smaller than the kolmogorov length
scale. The kolmogorove eddies are not able to penetrate the reaction zone as they are still very
big. The physical structure of corrugated flame is quite similar to the wrinkled flame but the

number of wrinkles are higher and more intense. These intense turbulence results in small flame
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pockets in a corrugated flame which can be detected from a continuous flame sheet (figure 2.24).

This flame is also known as quasi-laminar flame.

Wrinkle

unburnt
mixture

Figure 2. 23: Wrinkled flame. (a) schematic presentation, (b) CH-LIF image of actual flame
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Figure 2. 24: Corrugated flame (a) Flame regime, (b) corrugated flame structure [84]
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Thickened Flame Regime

!
The thickened flame regime or the thin reaction zone regime is characterized by :— > 1,
L

Rer > 1and Ka > 1. The large Karlovitzs number refers that the smallest length scale or the
kolmogorove scale (1) are very small (n < dt) that they can enter the reaction zone. This flame is
postulated by Zimont [85]. In this zone the flamelets are not laminar anymore. They are
thickened by the turbulence as the small turbulent scales enter into the flame structure and thus
thickened the flame. Another concept about this regime was proposed by Peter [83]. This
concept described this zone as highly stretched which is divided into an inner sub-layer of
thickness (0) and a pre-heated zone. Peter described that the pre-heating zone is chemically inert
and a majority of the reactions take place in the inner layer. The stretching of the flame results in
higher flame speed and higher thermal diffusion thereby thickened the flame. The main purpose
of this study is to investigate this thickened flame regime and to determine the interaction
between the turbulent length scale and the flame front. Although some Direct Numerical
Simulation (DNS) have been done to explain the concept of thickened flame regime which is

shown in figure 2.25, more important characteristics are yet to be explained.
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Figure 2. 25: Thickened flame (a) Flame regime, (b) DNS of flame structure.
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Distributed Flame Regime

The distributed flame regime or the well-stirred reactor flame regime is characterized by
Da > 1, :—L’ > 1, Re;r > 1and Ka > 1. Due to the high value of Damkholer number, the mixing
time scale is smaller than the chemical time scale. Thus the combustion process is controlled by
the chemical kinetics. This regime refers the perfectly premixed combustion. Therefore the
classical flame front does not exist. This type of combustions are often used to investigate the
effects of turbulence from the effects of chemical kinetics. Figure 2.26 shows the DNS of well-

stirred reaction.

n<ly <l

1031
Ka;s Kas =1

broken reaction zones
102

. ; Ka=1
thin reaction zones

corrugated flamelets

1+ v =35

laminar .

flames wrinkled flamelets

0.1 1 | 1 L
0.1 1 10 10? 10° 10*
( )k/k
a
(b)

Figure 2. 26: Distributed flame (a) Flame regime, (b) DNS of flame structure.
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Chapter 3: Experimental Setup Design

3.1 Experimental Criteria

The main goal of this study is to design an optically accessible combustion system in
order to study high intensity turbulent combustion process. The key feature that limits the design
process is the optical access. To the author's knowledge, many optically accessible combustors
have been developed for research purpose. Cambridge university developed high-pressure test
facility in order to test aero engine gas turbine fuel injector [86]. This combustor is rated for a
maximum pressure of 1.003 MPa with maximum air flow rate of 0.9 kg/s. The National Energy
Technology Laboratory (NETL) has designed their gas turbine test rig which is compatible for
natural gas and liquid fuel [87]. This test rig can be operated up to 3.039 MPa pressure and a
wide variety of fuel. Frank et al [88] described their combustor which can be operated at a
pressure of SMPa with a flow rate of 0.4kg/s. Moreover some other optically accessible

combustor design are described by Tse et al [89], Tomezal et al [90] and Liewen [91].

Table 3. 1: Combustor design criteria.

System Requirement

Combustion chamber Optically accessible

Grid turbulence generator

Changeable step size (variable dimesion)

Max Pressure: 6 bar ( 87 psi)
Reactants Air / CH4

Air Pre-heated at 400-600 K (260 — 620 F)
Velocity Mach > 0.3
Flow rate: Max at 0.47 kg/s

CH4 Flow rate: Variable (max 0.07 kg/s)
Inlet pressures 100 - 600 kPa (14 - 87 psi)

u'/Sp 5-10

L+1/3 50-200
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Most recently a high pressure combustor has been designed and developed by the center
for Space Exploration Technology Research (cSETR) at the mechanical engineering department
of the University of Texas at El Paso. This optically accessible combustor is rated for 1.5MPa
pressure and 500 kW thermal power [92]. A detail design process is described in this chapter for
a new optically accessible combustor. Table 3.1 shows the design criteria for the combustor. The
combustor has a three sided optical access and a backward facing step at the bottom. The
purpose of the step is to hold the flame by creating a recirculation zone in order to supply
continuous air-fuel mixture. An exploded view of the combustor is shown in figure 3.1 with its
different components. The major components of the combustor are - the mixing section, the
entrance section, windows and window covers, a backward facing step, a grid and the exhaust
sections. There are cooling channels inside the combustor wall. The sectional view (figure 3.2)

also clearly shows the step and the grid which acts as a turbulence generator.

t

Methane Lines Window Cover

@

. Side Window

Backward

s facing step

Air Line

e

Mixing Section

Figure 3. 1: Exploded view of the combustor assembly.

38



Combustion Chamber

Exhaust Section

Backward
facing step

AirLine

Figure 3. 2: Sectional view of the combustor assembly.

3.2 Combustor Design

Combustor design is one of the critical parts of this project. The combustor has optically
accessible windows for laser diagnostic. It also has a backward facing step for flame
stabilization. All of these components are designed with UNS S316 Stainless steel. The glass
window is designed with fused quartz glass. Table 3.2 shows the AISI 316 material properties.
The combustor is designed for a maximum pressure of 25 bar. But the window design limits the
total design criteria. Table 3.3 shows the material properties of quartz glass. All of the designs
are based on analytical and numerical calculation. FEA analysis is done using commercially
available FEA software ANSYS. The Von Mises stress (Equivalent stress) is calculated for the
design. As combustors have similar loading as pressure vessel, the analytical calculations are
done based on pressure vessel calculation. On the other hand, the window calculation are done
based on beam stress analysis available in the literature. The detail design of each components

are described in the later parts of this chapter.
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Table 3. 2: UNS 316 Stainless Steel properties.

Properties Unit of Measure
Density 8000 kg/m’

Tensile Strength 485 MPa

Yield Strength (0.2%) 205 MPa
Elongation (% in 50mm) 40

Modulus of Elasticity 193 GPa

Coefficient of Thermal Expansion (0-538°C) 17.5 ym/m/°C

Rockwell Hardness 95

Table 3. 3: Fused Quartz properties.

Properties Unit of Measure
Density 2200 kg/m’
Tensile Strength 48.3 MPa
Poisson's Ratio 0.17
Thermal Conductivity 1.3 W/m-K
Bulk Modulus of Elasticity 37 GPa
Coefficient of Thermal Expansion 5.5 um/m/’C
Hardness 8.8 GPa
Specific Heat Capacity 45.3 J/mol-K

The ¢SETR lab facility consists of two compressed air supply lines. One of them can
supply 100 cfim of air at 120 psi. Another line can supply 190 cfim of air at 140 psi. The flow area
is calculated based on these two flow rates and a square section has been considered for the

combustor inlet in order to achieve a flow velocity of Mach 0.3 to 0.5. Figure 3.3 shows the
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relationship for effective diameter and flow velocity. The effective diameters are calculated for
both air supply line for a wide range of velocity. Finally a 1.128 inch effective diameter has been

considered which is equivalent to the area of a (1.0in x 1.0in) square section.
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Figure 3. 3: Relationship between flow velocity and effective diameter.

The combustor is a 9.5 inch long and 6 inch wide rectangular shape structure. The height
is 6.5 inch. It has a 1 inch square hole for combustion. It also has optical access from the top and
from the two sides. Therefore it has window slots in three sides and a slot for a step in the
bottom. Figure 3.4 shows the isometric view of the combustor. The front section of the
combustor is designed to accommodate the entrance section. A 4.5 inch flange can be placed
here. The entrance section can be attached here with eight 1/4-20 bolts. There is a rectangular
slot inside the square hole for grid insertion. This slot is 0.25 inch by 1.5 inch in dimension. The
side window slots are 5 inch long and 1.5inch wide. The thickness of this slot is 0.5 inch. Quartz
windows are placed here. The top window slot is Sinch long and linch wide. The thickness is

0.75 inch here. Schematics are shown in figure 3.5.
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isometrie View

Figure 3. 4: Combustor schematic

There are cooling channels inside the combustor wall. The channel diameter is 0.5 inch.
An 1/2"MNPT connection is used for the cooling channels and Dynalene HC is used for the
coolant. The combustion chamber has a backward facing step with a 1:2 expansion ratio.
Therefore the effective area become a (linch x 2inch) rectangular section after the step. The step
can be attached from the bottom of the combustor. Both the side window covers and the bottom
step is attached with twelve 1/4-20 annealed stainless steel bolts. The top window cover is
attached by ten 1/4-20 bolts. A rectangular cavity has been made in the exhaust section of the
combustor in order to attach the exhaust section. The exhaust section can be attached with eight

1/4-20 stainless steel bolts. The exhaust section consists of two individual section. The first
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section is a transition section from a (linch x 2inch) rectangular to a (2inch x 2inch) square
section and the next section is a transition from (2inch x 2inch) square section to a 3 inch

diameter circular section. Detail drawing of each components are presented in APENDIX I.
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Figure 3. 5: Detail drawing of the combustor

3.2.1 VON MISES STRESS CALCULATION

Von Mises stress is often used in design calculation. It is widely used when the body is
subjected to a complex loading condition. Engineers calculate the Von Mises (VM) stress for
complex part design and compare with the material's yield strength. Von Mises stress criteria is
effective when the material is ductile in nature. This stress theory is developed from the
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'distortion energy failure theory' [93] which refers that failure occurs when the distortion energy
in actual case is more than the distortion energy in a simple tension case at the time of failure.
The von mises stress consists of two stress tension known as - Hydrostatic stress and Deviatoric
stress. Hydrostatic stress is the three normal stress components of the stress tensor and deviatoric

stress is the remaining components of the stress tensor. Equation 3.1shows the stress tensor in 3-

dimensional form. The hydrostatic and deviatoric stress are shown in equ 3.2 where g;; is the
stress tensor and ;0 is the hydrostatic component and ¢';; is the deviatoric components.
Here, 0,4, 0,,, 033 are the normal stress components in 3-dimensional space. The Von Mises
stress is directly related to the deviatoric strain energy. When this strain energy combines with
Hooke's law, the Von Mises stress equation can be derived which is shown in eqn 3.3 and 3.4.

1 /
O-ij = g(?uO‘kk + O-ij (31)

1 1
Ohya = g5ij0kk =3 (011 + 032 + 033) (3.2)

r 2 2 2 1/2

P 011 T 053 + 033 — 011023 — 02033 — 033011 (3.3)
VM = .

| + 3(752 + 753 + T32.1)

'3 1 1/2
ovm = |2 800 — 2 (01)?] (3.4)

According to the distortion energy theory, the failure occurs when the von mises stress
exceeds the material yield strength (o, ). Therefore the failure condition can be simplified as-

Oym = Oy (3.5)

In order to calculate the oy, ANSYS APDL is used. The solid geometry has been
developed by commercial CAD software SOLIDWORKS. Then the solid part is exported in to

ANSYS Workbench platform. Approximately 2.8 million tetrahedral mesh elements are used
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during FEA analysis. The boundary condition has been given in terms of pressure loading. The
pressure is considered to be 25 bar only for the combustor wall. The thermal condition is also
considered during the analysis. Although there are no such wall that has direct contact with the
flame as the combustor is surrounded with quartz window, a constant wall temperature of 80°C
has been considered. Figure 3.6 shows the contour of Von Mises stress. The contour clearly
shows that the stresses are developed in the side wall of the window slot and top and the bottom

wall of the main chamber.
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Figure 3. 6: Contour of Von Mises stress at 25 bar pressure loading.

A detail stress distribution has been shown in figure 3.7 for the side window slot of the
combustor. The stress is distributed along the thickness of the slot wall which is located at 0.5
inch from the square hole. The wall is 0.5 inch thick and the x-axis of this plot represents the
thickness. The zero point is consider at the inner wall of the window slot. The stress distribution

clearly indicates that the developed stress is higher at the outer wall of the window slot. The
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maximum developed stress is around 16.8MPa which is well below the yield stress of the
UNS316 steel. Figure 3.8 shows the Von Mises stress distribution for the top window slot. The
distribution is shown at the middle of the slot along the thickness of the slot. The zero location of
the x-axis of this plot is close to the combustion hole and the maximum developed at the outside
of the wall as the same pattern has been seen for the side window slot. The maximum developed
stress in this case is 12.6 MPa which is also well below the material yield stress limit. Figure 3.6
shows the coordinate system for the combustor and z-direction is along the length of the

combustor.
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Figure 3. 7: Von Mises stress along the thickness of the side window slot.
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Figure 3. 8: Von Mises stress along the thickness of the top window slot.
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Figure 3. 9: Von Mises stress along the thickness of the side wall at three different locations.
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Figure 3. 10: Von Mises stress along the thickness of the top wall at three different locations.
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Figure 3. 11: Von Mises stress along the thickness of the bottom wall at three different locations.
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Figure 3.9 shows the von mises stress of the side wall of the combustor at three different
locations. The first location is 3.5 inch from the front corner of the combustor along the z-
direction. The other two lines are one inch apart from the previous line. From the figure, it is
found that the stress distribution is maximum at the middle of the combustor. The red line (z=4.5
inch line) represents the stress distribution at the middle portion of the combustor. The maximum
von mises stress calculated here is 9.45 MPa. Similar stress distributions have been found at the
top wall for the corresponding location and the maximum stress calculated here is 9.24 MPa
which is shown in figure 3.10. However, the bottom wall for the same corresponding locations
show different stress distribution. The stresses are larger at the edges of the combustor and the
maximum stress here is 6.78 MPa which is shown in figure 3.11. The FEA analysis was also able
to predict the maximum principle stress and maximum shear stress which is shown in figure
3.12. The maximum principle stress developed here is around 16.15 MPa. On the other hand the
maximum shear stress developed here is around 12.88 MPa. Moreover, Thermal deformation
has been calculated for both thermal and pressure loading condition. Figure 3.13 shows the
thermal deformation of the combustor. The maximum deformation is around 6.8um which is

used for tolerance calculation of the combustor parts.
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Figure 3. 12: Contour of maximum shear stress (left) and maximum principle stress (right).
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Figure 3. 13: Contour of deformation due to thermal and pressure loading.

The clearance for different part assembly has been calculated based on thermal
deformation and deformation due to pressure loading. These deformations have been calculated
by both analytic and numeric method. The results show close match between both deformation.
Table 3.4 shows the result for a maximum normal force of 3kN and a maximum wall
temperature of 300°C. A nominal clearance of 0.127mm (0.005inch) has been considered for

window and window cover.

Table 3. 4 Calculation of deformation for thermal and pressure loading.

Deformation Analytical Simulation
Strain 1.243 pm 1.397 um
Thermal deformation 0.517 mm 0.468 mm
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3.3 Entrance and Exhaust Section Design

The entrance section is specially designed for a particular inlet condition. The main air
line has 1 inch tubing and the mixing section has a 1.5 inch diameter circular section. But the
combustor inlet is 1 inch square section. So a transition section has been designed from a circular
cross section to a square cross section. This transition section is the entrance section. The
curvature of this section is calculated based on eqn 3.6 in order to achieve a fop hat' velocity
profile at the combustor inlet. Similar approach is used for the exhaust section for the transition
from a square to a circular section. Equation 3.7 and 3.8 show the curvature relation for the
entrance and the exhaust section respectively. Detail calculations are shown in APPENDIX II.
The curvature of the entrance section and exhaust section are shown in figure 3.14 and 3.15

respectively. These curvatures are derived from eqn 3.7 and 3.8 respectively.

r=ax®+ bx*+cx3+dx?>+tex+f (3.6)
r = —0.000589x° + 0.00736x* — 0.02456x3 + 0.75 (3.7)
r = 0.0000307x° — 0.000786x* + 0.005122x3 + 0.787 (3.8)

A simple analytical stress calculation has been done assuming a thick wall cylinder.
Equation 3.9 represents the simplified tangential stress formula for thick wall cylinder with
inside pressure of 6 bar. Here, r; is the inner radius and 7, is the outer radius of the section. A
maximum shear stress of 1.28 MPa has been found by analytic calculation using eqn 3.9. On the
other hand, the FEA analysis gives a maximum shear stress of 1.43 MPa. Moreover, the shear
stress distribution along the thickness of the wall at different axial locations are shown in figure
3.16. Other important stress distributions along the length have been shown in figure 3.17. Detail
FEA analysis has also been done for these sections and maximum shear stress, maximum

principle stress, von mises stress and deformation have been shown in figure 3.18.
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Figure 3. 15: Exhaust section profile.
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Figure 3. 16: Tangential stress distribution.
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Figure 3. 17: Stress distribution along the length.
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Figure 3. 18: Contour of principle normal stress, shear stress, von mises stress and deformation.

Similar analysis has been done for two exhaust parts. The first exhaust section is a
transitional section from a rectangular cross section (lin x 2in) to a square cross section (2in x
2in). The second part is the transition from the square section to a circular cross section (3.5 in
dia). Figure 3.19 shows the von mises stress, the principal stress and the shear stress distribution
along the thickness for the first exhaust part. Figure 3.20 shows the similar stress distribution
along the wall thickness for the corresponding component. Moreover, figure 3.21 and 3.22 show
the contours of different components and deformation. The stress distribution along the length

and thickness of the second exhaust part are shown in figure 3.22 and 3.23 respectively.
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Figure 3. 19: Stress distribution along the length.
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Figure 3. 20: Stress distribution along the wall thickness.
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Figure 3. 21: Contour of stress components for first exhaust part.
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Figure 3. 22: Contour of stress components for second exhaust part.
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Figure 3. 23: Stress distribution along the length for second exhaust part.
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Figure 3. 24: Stress distribution along the length for the second exhaust part.
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3.4 Grid Design

The grid is designed as a turbulence generator. The key parameter for a grid is the
blockage ratio (BR). In this experiment, three different grids have been used. The blockage ratio
has been calculated according to the effective flow area. Then the effective flow area is
subtracted from the combustor inlet flow area which is linch square. This gives the blockage
area which eventually gives the blockage ratio. Table 3.5 shows diameter calculation of the three
different grids. The initial flow area is a linch by linch square section and 25 holes have been
chosen in a 5x5 array for the grid. Figure 3.25 shows the relationship between number of grids
with the blockage ratio. From this figure, an optimum hole number has been chosen which is 25.

The only parameter that varies in different grids is the hole diameter.

A detailed FEA analysis has been done for the grid. Figure 3.26 shows different stress
distribution along the thickness of the grid. The maximum developed stress here is around 9 MPa
which is well below the material yield strength. Figure 3.27 also shown similar stress distribution
along the length of the grid. It shows that the maximum stress developed at the middle of the grid
as it has less material due to the grid hole. Also there are stress concentration at the edges of the
grid due to its shape corner. Figure 3.28 shows the contour of von mises stress, principal stress,
maximum shear stress and deformation. All the stress components are well below the material

yield strength and the deformation is well below the clearance limit.

Table 3. 5: Calculation of hole diameter for the grid.

Blockage ratio (BR) 54% 61% 67%
Effective area (4.p) 0.46 0.39 0.33
Hole area (Ajor) = A;% 0.0184 0.0156 0.0132

Ahole*4]1/2 0.153 0.140 0.129

Vs

Hole diameter (D) = [

Hole diameter (Dy,) in mm 3.8 3.5 3.2
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Figure 3. 26: Stress distribution along the thickness of the grid.
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Figure 3. 27: Stress distribution along the length for the grid.
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Figure 3. 28: Contour of stress components and deformation for the grid.

60



3.5 Window Design

The windows are the most critical parts of the combustor. All of the design parameters
are dictated by the window. Fused quartz glass has been considered for the window material.
Table 3.2 shows the material properties for quartz window. There are three windows in the
combustor. The side windows are 6.5x2.5 square inch in cross section and 1 inch thick. The top
window is 5.5x1.5 square inch in cross section and linch thick. The top window is designed for
laser light transmission and the side windows are designed for the particle image velocimetry
(PIV) and laser induced fluorescence (LIF) imaging. The glass window is modified from the
conventional design as the combustion chamber has to be perfectly square cavity. Therefore the
window is designed as a 'T' shape window which is shown in figure 3.29. Here all the
dimensions are shown in inch. The window thickness is considered to be 1 inch. The thickness
has been calculated by the formula available in the literature [95]. Figure 3.30 shows the factor
of safety and operating pressure at different thickness of quartz window. The chamber is
designed for 6 bar (85 psi) pressure and for the minimum thickness (0.25 inch), the factor of

safety is around 3.5.

= 459 -
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Figure 3. 29: Detail drawing of the side window.
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Figure 3. 30: Factor of safety and pressure relation at different window thickness.
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Figure 3. 31: Stress distribution along the thickness of the top window.
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Detailed FEA analysis gives the different stress distribution of the window. Figure 3.31
shows the von mises stress and shear stress distribution along the thickness of the top window.
The maximum developed von mises stress is around 6.2 MPa. A simplified shear stress
calculation has been done for the window with the help of shear force bending moment diagram.
Moreover, figure 3.32 represents the contour of von mises stress and deformation for both top
and side window. Similar stress analysis has been done for the side window as well. Figure 3.33
shows the different stress distribution along the width of the window. Figure 3.34 also shows the

von mises stress and the shear stress distribution along the thickness of the side window.
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Figure 3. 32: Contour of von mises stress and deformation of top and side window.
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Figure 3. 34: Stress distribution along the thickness of the side window.
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3.6 Heating and Exhaust System Design

One of the major criteria of this experiment is to preheat the air before combustion. In
order to preheat the air-fuel mixture, an electric inline heater of 100 KW has been selected. The
air is expected to heat up to 500K before entering the combustion chamber. The heater
specification is shown in table 3.6. Figure 3.35 shows the schematic of the heater. Steady state
and transient thermal analysis has been done in order to predict the temperature of the air using
this heater. Figure 3.36 shows the temperature distribution along the heater length. Both steady
state and transient thermal analysis has been shown in this figure. The transient analysis is done

in a range of 300 second. The average temperature of the air coming out from the heater is 519K.

Table 3. 6: Heater specification.

Description Voltage Power Phase Length | Diameter
(volt) (KW) (inch) (inch)
23 W/in® steel tank 480 100 3 84.375 14.875

36 alloy-800 elements

Figure 3. 35: Heater schematic. (a) CAD model, (b) detailed dimensions
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Figure 3. 36: Steady state and transient thermal analysis of the heater.
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Figure 3. 37: Exhaust gas cooling chamber assembly.

The hot exhaust gas has been cooled by direct spray of water inside a cylindrical

chamber. The cooling chamber is designed to cool down the exhaust gas up to 60°C. Moreover,
orifice plates has been used to drop the exhaust gas pressure. The class 150 ANSI flanges are

used for the connection with the combustor exhaust section. Figure 3.37 shows the assembly of
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the exhaust gas cooling chamber. Spray nozzles are attached at the top of the chamber for direct
spray water cooling. Approximately 13 gpm of water flows through the nozzle. There is a drain

pipe in order to drain out access water.

Figure 3. 38: Heat exchanger for combustion chamber cooling.

3.7 Combustion Chamber Cooling

The combustion chamber is cooled by an external heat exchanger. There is a 200kW
capacity heat exchanger available in the cSETR lab. The heat exchanger contains 'Dynalene HC-
10" coolant. The flow rate of the cooling system can be varied from 3.6 to 10 gpm. Copper tubing
is used to carry the coolant from the heat exchanger to the combustor. There are cooling holes
inside the combustion chamber. The diameter of those holes are 0.5 inch. Figure 3.38 shows the
schematic of the heat exchanger. Transient heat transfer analysis has been done for the
combustion chamber. Figure 3.39 represents the temperature of the combustor with respect to
time. The result shows that the cooling system prevents the chamber temperature to exceed
100°C for 5 minute of operation. The figure also shows the results at maximum and minimum

thickness for the combustor.
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Figure 3. 39: Transient temperature profile at different thickness of the chamber.
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Figure 3. 40: CAD model of the system assembly.
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3.8  Test Setup

The whole system consists of numerous subsystem. Each system has its own unique

function. The subsystems can be categorized as follow-

= Main air line

= Methane line

= Heater section

* Mixing section

= Main combustion chamber assembly

= Pilot flame assembly

= Main control system

= Exhaust cooling system

= Chamber cooling system

=  PIV system

= PLIF system

All the subsystems are assembled and tested prior to the main experiment. Figure 3.40
shows the complete assembly of the system. The CAD model has been developed from the actual
dimensions and locations of the different subsystems. The PIV subsystem and the PLIF

subsystem are described in the later chapter.
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Figure 3. 41: Flow schematic of the main system and the pilot flame.
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Figure 3.41 shows the flow schematic of both the main system and the pilot flame.
Different flanges are shown here. Each schematic shows different connections of valves,
transducers, thermocouples and flow meters. It also refers the location of different subsystems
and its connections. Regular k-bottles are used for methane supply. Hydrogen-air mixture is used
for the pilot flame. Nitrogen tanks are used for purging of the system before and after the
experiment. External compressed air has been used for the PIV seeder line. Moreover external
water supply lines have been used in order to cool the exhaust gas. The flow has been controlled
by proportional control valves. Moreover some solenoid valves have been used at different
location for different purpose. Figure 3.42 shows the assembly of the combustor and the air line

with other components. Combustor parts are shown in APPENDIX 1.
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Figure 3. 42: Combustion chamber assembly.
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Figure 3.43 and 3.44 shows the air line and the methane line assembly. They also
illustrate the mixing chamber assembly. The airline is connected through a solenoid valve to the
main air supply line of the lab facility. This 120V AC valve allows to pass air form the facility to
the system. A pressure transducer is installed after the solenoid valve which measures the
upstream air pressure of the feed line. The transducer is also used to measure the flow rate of the
air. The detail specification of the pressure transducer used in this system are shown in
APPENDIX III.

A proportional control valve has been used to control the air flow which is installed after
the pressure transducer 1 (figure 3.43). This valve is being controlled by the central control unit
with varying the output voltage of the valve. Pressure transducer 2 has been installed just after
the proportional control valve. This transducer is used to measure the flow rate of the air along
with the pressure transducer 1. A thermocouple is connected in the main airline to measure the
inlet air temperature of the system. This thermocouple is installed just after the pressure
transducer 2. In order to calibrate the system, a mass flow meter has been used which is installed
next to the thermocouple. The capacity of this flow meter is 500 I/min. Finally a check valve has
been used before the air inters into the mixing chamber. The methane line consists of similar
instrumentations. The methane line is connected with the methane manifold with specially
designed regulator. In order to provide large amount of methane supply, this regulator is used.
Then a manual control valve along with a solenoid valve is installed in the methane line. In order
to purge the methane line, a separate Nitrogen line has been connected with the methane line
after the solenoid valve. A pressure relief valve has been attached in the line in order to avoid the
high pressure in the fuel line. Pressure transducer and thermocouple is installed to measure the
pressure and temperature of the fuel feed line before in inters into the mixing chamber. A mass
flow meter has been used (figure 3.41) in order to measure the flow rate of the methane gas.
Finally a check valve has been installed in the methane line for safety. More detail

instrumentations are described in the next chapter.
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Chapter 4: Instrumentation and Measurement

4.1 Particle Image Velocimetry (PIV)

Particle Image Velocimetry (PIV) is non-intrusive experimental technique that gives
instantaneous velocity vector field with detail spatial resolution. It also gives instantaneous
coherent flow structure, vorticity, strain and divergence of the flow. In general, a PIV system

consists of the following three important components-

= Flow tracer or seeding particle
* [llumination source or Laser light sheet

* [Imaging system or CCD camera system

These components give a significant experimental flexibility and allow the PIV
system to use at a wide range of flow configurations. Significant development has been done in
the technique by Lourenco[96], Adrian[97] and Grant[98]. To provide a velocity field, PIV uses
particle displacement over a specified small finite separation time, At. Correlation analysis is

used to extract the particle displacement, Ax and first-order velocity estimate-

Ax

u=E

(4.1)

where Ax is the average displacement of the particle in the fluid over the time interval
At = t, —t; [97]. The t; and ¢, can be recorded in to same frame or in a separate frames. The
success of the PIV imaging depends on the accurate coupling between the fluid and the particles.
The number of particles per unit volume should be sufficiently low in order to preserve the
original flow characteristics [99-100]. Such dilute condition is expressed in inequality 4.2 where
d, and p, are the particle diameter and density, respectively and x, v,, J, are the fluid viscosity,

average particle velocity and average distance between particles respectively.
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Figure 4. 1: Schematic of experimental arrangement for PIV [101].

Figure 4.1 shows a simplified PIV experimental arrangement. It is very important to
select the accurate particle size for a specific experimental setup. The size can be determined by
the help of Stokes number, Stp;y which is defined as zy/7p; where 1, is the particle relaxation time
and tppy 1s the small finite separation time between two observation or pulse separation time. In
order to achieve negligible particle-fluid velocity difference over the pulse separation, Stp; must
be less than 1. Equation 4.3 represents the particle relaxation time. Moreover the relative velocity
error due to Brownian motion is shown in equation 4.4 where D is the diffusion coefficient, £ is
the Boltzman's constant, 7 is the absolute fluid temperature and u is the mean velocity of fluid
[102]. In this experiment the velocity magnitude and particle size are in the order to 20 m/s and

Ium respectively.
T, = d2— (4.3)
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In order to explain the PIV technique, it is sometime very confusing to understand some
common terminology. Some of the common terms are described in the later paragraph which
will be used frequently throughout this article. The 'light plane' is the volume of the fluid
illuminated by the light sheet. The 'image plane' is the image from the light plane taken on the
charged coupled diode (CCD) sensor. It is very important to note that the light plane is a 3D
space or volume while the image plane is a 2D space or surface. Figure 4.2 shows the difference
between a light plane and an image plane. On the other hand, the sub volume selected from the
light plane is the 'interrogation volume' and the corresponding location of this interrogation

volume in the image plane is the known as the 'interrogation area’'.

Inlerogation
volume

Light sheei(s)

Imaging (Thickness AZg )

lens

Interrogation
area

Figure 4. 2: Schematic representation of light plane and image plane.
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Figure 4. 3: Experimental image plane and location of step, walls and grid.

In this experiment, the light plane is generated by a '/5-1000 Dual power' 527nm
Neodymium-doped Yttrium Lithium Fluoride (Nd-YLF) laser with a pulse energy of 15mJ/pulse.
The maximum power output of this laser is 100W and the pulse duration is 150ns/CW which is
shown in figure 4.4. This laser generated a 75mm wide 0.1mm thick light sheet which is guided
by a 45° angle of attack (AOA) line mirror and a telescope lens. The image plane is captured by a
'Speed sense 9070" CCD camera with a frame rate of 3.1 kHz. The image plane is 72mm x 40mm
in dimension or 1280 x 800 pixel. Figure 4.3 shows the typical image plane taken just before the
actual experiment. This image is also used for image calibration for PIV post processing. The
laser system was supplied by 'Dantec Dynamics Inc'. Figure 4.4 shows the actual laser system
along with the chiller and the seeder system. The figure also shows the beam diagram for the PIV
measurement. A 45° degree mirror is used to deflect the laser beam and guide it from the top
window of the combustor. A telescope lens is used to make the beam into light sheet. The

spreading angle of the lens is 10 degree.
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Laser beam direction

Figure 4. 4: Nd-YLF laser unit, seeder assembly and laser beam direction.

The laser system has a 115V three phase power requirement with 15 amp current supply.
The seeder line has been introduced at the mixing chamber before the particle enters inside the
combustor. The seeder bomb has been pressurized by an external air supply. The particle flow
has been controlled by varying the pressure of the seeder regulator. The seeder line is controlled
by a solenoid valve at the upstream of the line. The seeder line is a 0.25 inch steel tube. The total
air flows through this line is significantly low that it can be assumed that this air does not change
the total amount of air flow at the combustor. Figure 4.5 shows the flow schematic of the PIV
subsystem. The electric connection of the PIV system is also shown in figure 4.6. The BNC
cables are connected with the camera and the laser controller via a timer box. The BNC cable
carries the trigger signals for the laser which is controlled by the BNC 575-8 time box. The timer
box controls the laser pulse and the camera frame rate and synchronizes them according to the

‘dynamic studio' software commend.
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Shliass, ¥ Litron Lasers haserd Dual Power Laser
115V,15A — e ]
Controller » 15-1000
Laser 2
— i A
 FFEFETITITTTI L
...................... Trgeer2, ey
T BANR ocsusnniniinininiinesnidity g

|: Speed Sense CPU --------------------- » BNC Timer

Camera BOX

Hl

115V ,15A 115V,15A 115V ,15A

B = BNC line, , PL = Laser Power line,

Figure 4. 6: Electric connection of the PIV system with the CPU, camera and BNC timer box.
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4.2 Planer Laser Induced Fluorescence (PLIF)

Spectroscopy is widely used in combustion diagnostics which can measure the interaction
between matter and light. The strength of spectroscopy can be measured as a function of wave

length and optical frequency. Laser spectroscopy is very promising because of the following

reasons-
* Good temporal and spatial resolution.
= Narrow line width
=  Wave length tunability
* Wide range of optical power
= Ultra short pulse generation
Fluorescence
- Excited state =
. &
; sl.. |
> Energy transfer E Absorption
g‘ i)
c B . : =
5 Fluorescence o -%
Exciiauen : Grbund state E
=T
i | | G i v T S ¢
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Figure 4. 7: (a) Demonstration of the fluorescence technique. (b) Energy distribution.

There are different types of lasers for different spectroscopy application. High energy
fixed wave length solid state lasers are used for Raman Spectroscopy. On the other hand, Dye
Lasers can be used for its accessibility of broad range of wavelength, particularly in the visible

spectral range, but also in the near ultraviolet and near infrared region. Fluorescence denotes the
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radiation emitted by an atom or a molecule when it relaxes by spontaneous emission of photon
from a higher to lower energy level. Similarly, Laser Induced Fluorescence (LIF) is a
spectroscopy technique where the upper energy level is populated using laser excitation with a
wavelength tuned to a resonance between excited state and a discrete lower state. Figure 4.7
demonstrates the simplified fluorescence technique. This non-intrusive optical technique resolves
important information about the structure of the flow and the combustion process for the next
generation combustor design. Moreover, a detailed study of large and small scale structures
within the image plane is possible in both reacting and non-reacting flow as well as fundamental
studies for the validation of turbulent modeling. PLIF is useful due to its sensitivity to species
composition, temperature, number density and velocity. After its introduction in early 80's [103-
104], PLIF has been providing instantaneous information over the whole flow field. This
technique has successfully demonstrated the quantitative time-averaged imaging of
concentration, temperature, pressure and velocity [105].

In order to perform quantitative measurements on a given species, it is a requirement to
know the absorption and emission spectrum of that specific molecule. Then the rate of radiative
decay of the excited state which is directly influences the fluorescence signal must be known.
Finally, all the excited state loses, specially from collisions, photo-ionization and pre-
dissociation must be taken into account. In a typical single line PLIF measurement technique, the
UV laser beam is tuned to excite a molecular transition. A system of sylindrical and spherical
lenses is used to focus the laser beam into thin sheet. The fluorescence signal from the light sheet
is collected by an imaging lens at the right angle, and imaged on a gated intensified CCD
camera. A spectral band pass filter is placed in front of the intensifier lens to reject the scattered
light such as chemiluminescence emission. The spatial resolution depends on the following
parameters.

= Pixel size of detector array.
* [Image magnification factor.

= Size of the beam.
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= Depth of field.
= Energy of the beam.
A trigger system is needed to drive the pulsed laser and synchronous amplification of the
CCD camera over a suitable gate duration. The LIF signal is used to trace the flame front in
combustion research. As the flame front release the maximum amount of energy, it is important
to indentify tracer radical at the flame from. OH, CH, CH,O, CHO are such radicals that helps to
identify the flame front during LIF measurement. The OH radical is widely used for the flame
front tracer as it gives significant amount of fluorescence signal. The OH PLIF imaging is
performed by a high energy, pumped laser to pump a dye laser to generate 532nm visible
radiation that may be subsequently converted to the desired 283nm UV output via frequency-

doubling. Table 4.1 shows detection wavelength of a list of species used for PLIF.

Table 4. 1: Detection wavelength of different species.

Molecule Absolute wavelength (nm)

OH 306
G 516
CH 431
CN 388
NH 336
NO 226

CH,O 320-360

NO; 450-470

Although OH radical has diffusion prosperity which actually implies the post flame zone
during LIF measurement due to its long lifetime. OH concentrations are large in the lean regions
of the flame front where the chemical reactions involved in the combustion process are complete.
In a premixed flame OH produced in the flame front is slowly consumed in burnt gas. After
numerous experimentations, researcher concluded that, OH is not a reliable indicator of the heat

release and flame front location [106]. But it leaves a trace of the flame front in the flow field. In
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order to identify the actual location of the flame front, CH radical is used as CH is produced
during the initial reaction of hydrocarbons [107-110]. CH PLIF imaging is performed by a high
energy, pumped laser to pump a dye laser to generate 390nm visible radiation that may be
subsequently converted to the desired UV output via frequency-doubling or sum frequency

mixing. Figure 4.8 shows a typical PLIF imaging of turbulent flame.
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Figure 4. 8: Typical OH and CH PLIF signal of a turbulent jet flame [111].

In this experiment, the OH-PLIF system consists of a frequency doubled dye laser
(Radient Dyes NarrowScan HighRep Dye Laser) pumped by a Q-switched DPSS laser (Nd-YAG
Edgewave IS series) and an intensified high frame rate CCD camera ('Speed sense 9070 with
Hamamatsu C10880-01C). The dye laser used Rhodamine-6G in ethanol and produce
approximately 0.30 mJ/pluse at 3 kHz. Figure 4.9 shows the laser system assembly. The laser is
tuned to 283.28nm to excite the isolated Q1 line of the A-X (1-0) transition of OH. The beam

diagram for the dye laser are shown in figure 4.10.
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Figure 4. 9: PLIF assembly along with the pump laser and the dye laser.
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Figure 4. 10: Beam diagram of the Dye laser.
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The electric line diagram for the PLIF system are shown in figure 4.11. These line
diagram also shows the water line for the chiller, the BNC line for the times box and the Ethernet
connection for the camera and the computer. The laser pulses were formed into an approximately
50mm tall sheet using a cylindrical telescope lens. The UV laser sheet has been overlapped with
that of the PIV system using a 25 mm dichroic mirror as shown in figure 4.12. Fluorescence
signals were collected at 310nm bandpass intensifier filter. Background flame luminosity was
minimized by a short 1ps intensifier gate. 750 PIV images were acquired per run at 1280 x 800
pixel image size corresponding to a field of view of 72 x 40 mm. On the other hand, the PLIF

images were acquired per run at 1280 x 800 pixel image size corresponding to a field of view of

50 x 25 mm.
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Figure 4. 11: The electric line diagram for the PLIF system.
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Figure 4. 12: Assembly of simultaneous PIV-PLIF measurement.

Flow rate Measurement

Dye Laser

The flow of main air line is controlled by different types of valves. There is a manual

control valve that allows air to enter the main air line form the laboratory compressed air facility
line. Then the air passes through a 120 V (4VCO E03/05 8P14) solenoid valve. The valve has a
maximum torque 35 Nm at 0.5 amp. The valve takes 12 second to open fully for the maximum
flow. Figure 4.13 shows the location of the valves in the main air line. After that the flow passes
through a DC (EZ 88E22-COEWS-DO01) proportional control valve. When air passes through that

proportional control valve, it enters into a 1000L/min mass flow meter (FMA17004/1800A

Series) . The main airline has space for the installation of chock venture flow meter.
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Figure 4. 14: (a) 12V DC valve for methane line. (b) 12V DC valve for pilot flame.

The DC solenoid valves are also used in the pilot flame lines, the nitrogen line and the
airline for the PIV seeder sub system, the exhaust water discharge line and the airline for the
exhaust cooling section. Figure 4.14(a) shows the valve (Omega F-SV43) used for the nitrogen
line, PIV seeder and the exhaust cooling line. Figure 4.14(b) shows the valve (PLN 42017-C203)
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used in the pilot flame line. All the valves and transducers are controlled by LabVIEW program

which is synchronized by three CCA-PCI-652 1high voltage relay board.

4.4 Temperature and Pressure Measurement

The temperature are measured at some specific location throughout the whole system.
Figure 3.41 shows the locations of the thermocouple in the feed line. All the temperature are
measured by K-type thermocouple which is mounted in the combustor and the main airline. The
thermocouple installed in the main airline gives the preheated air temperature reading before it
enters into the combustor. The thermocouple installed inside the combustor gives the
temperature reading of the combustion chamber during the combustion process. Figure 4.15

shows the thermocouple mounted in the main airline and the methane line.

Figure 4. 15: (a) Thermocouple in the main airline (b) Thermocouple in the methane line.

The pressure has been measured at different location of the airline, methane line, pilot

flame line and inside the combustor. Just like the thermocouple location, figure 3.41 also shows
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the location of the pressure transducer for the whole system. Six different pressure transducers
have been used in this experiment. Two of them (LORD STI PT1700-150G-171) are used in the
main airline, One is used in the methane line and the combustor. Other two (OMEGA PX309-
100G 5V) are used in the pilot flame line. Figure 4.16 shows the pressure transducer mounted in
the airline and the pilot flame line. The calibration curve for the pressure transducer are shown in
APPENDIX III which is used for the LabVIEW for determining coefficient of the voltage signal
which is then turned into pressure reading. There is another pressure transducer which can
measure the pressure and the temperature simultaneously, is installed inside the combustion from

the bottom of the step which is also shown in figure 4.16(c).

Figure 4. 16: Pressure transducer (a) Main airline, (b) Pilot flame line, (¢c) Combustor step
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4.5 Control System

The control system has been developed with the help of LabVIEW software. 'National
Instrument' PCI data acquisition connector blocks are used to control the valves and acquire the
temperature and pressure reading of the system. Figure 4.17 shows the control unit and the DAC
system. The system is designed to control the valves both automatically and manually. There is a
master switch (red switch in figure 4.17a) which is a double pole double throw switch. This
switch is used for the total system to change from automatic control to manual control. There are
two emergency shut off switch for safety which is designed to operate the system safely.
Separate power supplies are used to operate the AC and DC valves. Figure 4.18 shows the
LabVIEW front panel which shows the temperature of the air of the main line, temperature of
methane and the temperature inside the chamber. The front panel also shows pressure reading of
the airline, methane line and the chamber pressure reading during the experiment. Figure 4.19
shows the block diagram of the LabVIEW program. Four DAC assistance functions have been
used. One of them is used to acquire the temperature, pressure and flow reading. another one is
used to control the main air and methane line. Other two are used for pilot flame line and

proportional control valve operation.

ZnY| Fa
. | K
~ Relay switch _

| .
- PCl connection —

Connector Block
A

Figure 4. 17: Transient temperature profile at different thickness of the chamber.
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Chapter 5: Result and Discussion

5.1 Particle Image Velocimetry (PIV) Data

The flow field inside the combustor is measured by Particle Image Velocimetry (PIV)
technique. During the experiment, the light plane was generated by a '/5-1000 Dual power'
527nm Neodymium-doped Yttrium Lithium Fluoride (Nd-YLF) laser with a pulse energy of
15mJ/pulse. This laser generates a 75mm wide 0.1mm thick light sheet which is guided by a 45°
angle of attack (AOA) line mirror and a telescope lens. The image plane is captured by a 'Speed
sense 9070" CCD camera with a frame rate of 3.1 kHz. The image plane is 72mm x 40mm in
dimension or 1280 x 800 pixel. The flow field was seeded with 1pm aluminum particle. The
particles were seeded far away from the inlet of the combustor so that It did not have any effect
on the actual flow field. The camera and the laser pulse were controlled by a BNC 575-8 timer
box. The BNC cable carries the trigger signals for the laser which controls the laser pulse and the
camera frame rate and synchronizes them according to the 'dynamic studio' software commend.
The raw PIV images were taken at a rate of 3kHz. Approximately 750 images have been taken in
a time span of 0.25 second.

Figure 5.1 shows the raw PIV image and the instantaneous flow field. The instantaneous
PIV image gives an idea of the flow field inside the combustor. The shear layers due to the step
are clearly visible. Moreover the vortex breakdown due to the grid are also observed. When
fifteen consecutive raw PIV images were taken and an average image was created by the image
averaging technique, a clear recirculation zone was observed. Figure 5.2 shows the average
image of fifteen consecutive raw PIV images. The step was designed to create this recirculation
zone and the average PIV image shows the predicted recirculation zone. The PIV measurements
were done at 4.81 and 20.60 m/s velocity which corresponds to Re = 815 and 3500 respectively.
Quantitative data were calculated at six different locations from x/L = 0.06 to 0.93 where L is the
length of interrogation area. Figure 5.3 shows the locations of the flow field where quantitative

measurements were calculated.
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Figure 5. 1: Raw PIV image at Re = 815
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Figure 5. 2: Average PIV image at Re =815
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Figure 5. 3: Interrogation image field and six different locations for quantitative calculation.

5.1.1 MEASUREMENT OF AVERAGE VELOCITY

The horizontal velocity component or the U-velocity and the vertical velocity component
or the V-velocity were measured at Re = 815 and 3500. During the PIV post processing, the
interrogation area was considered in a 32x32 pixel area. Vector fields were determined by
adaptive correlation in 'Dynamic Studio' software. Approximately 750 images were processed
for determining the vector field. Figure 5.4 shows the instantaneous vector field at Re = 815
colored by U-velocity. The vector field shows different recirculation zones and velocity
fluctuations. Figure 5.5 also shows the instantaneous velocity vector at Re = 3500 colored by U-
velocity. Similar recirculation zones and velocity fluctuations were observed here. The most
important observation here is the low velocity zone just after the step. This low velocity zone
was observed in both case which create a recirculation zone (vortex ) observed in the raw PIV

image.
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Figure 5. 5: Instantaneous velocity vector colored by U-velocity at Re = 3500.
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Quantitative measurements were done for instantaneous U-velocity and V-velocity.
Figure 5.6 shows the U-velocity fluctuation with respect to time. This figure clearly shows that
the flow field is highly turbulent due to the grid. Similar fluctuations were observed for V-
velocity which is shown in figure 5.7. Both measurements were done at Re = 3500. Figure 5.8
shows the average U-velocity distribution at x/L=0.06 for Re = 815. The overall error for PIV
measurement was assumed as 10%. Five distinctive velocity peak were observed due to the five
grid holes. This velocity distribution implies that the velocity become higher at the grid hole and
the velocity fluctuation become dominant after that. Figure 5.9 shows the average U-velocity
distribution at first three locations before the step at Re = 815. The average velocity varies along
the y-direction due to turbulence. Similar fluctuations were also observed in the V-velocity
distribution for the first three location before the step which is shown in figure 5.10. Figure 5.11
and 5.12 shows the average U-velocity and V-velocity distribution at three different locations

after the step.
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Figure 5. 6: Instantaneous U-velocity at a single point at Re = 3500.
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Figure 5. 12: Vinean velocity from PIV measurement after the step at Re = 815.
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The velocity distributions were calculated along the y-direction of the chamber. The zero
location in the plot was considered at the top wall and the measurements were shown from the
top wall to the bottom wall. Figure 5.11 shows the negative velocity zone which corresponds to
the low velocity zone (recirculation zone) after the step. Similar distributions were found for the
V-velocity distribution for the corresponding locations as shown in figure 5.12. Figure 5.13 and
5.14 shows the average U-velocity and V-velocity distributions along the first three locations
before the step at Re = 3500. Although the distinctive velocity peaks were not observed in this
case as they were observed at Re = 815, the velocity fluctuations were visible and they varies
along the y-direction. Moreover, figure 5.15 and 5.16 shows the average velocity distribution
along three locations after the step at Re = 3500. Similar low velocity zones were observed

which happen due to the recirculation zone created by the step.
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Figure 5. 13: Upean velocity from PIV measurement before the step at Re = 3500.
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Figure 5. 14: Vinean velocity from PIV measurement before the step at Re = 3500.
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Figure 5. 15: Upean velocity from PIV measurement after the step at Re = 3500.
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Figure 5. 16: Vinean velocity from PIV measurement after the step at Re = 3500.

5.1.2 MEASUREMENT OF KINETIC ENERGY

The kinetic energy represents the momentum effect of the flow field. It gives an idea of
the velocity field as well. The kinetic energy has been calculated by equ 2.10 described in
chapter 2. The kinetic energy was determined for two different Reynolds number (Re = 815 &
3500). Initially the kinetic energy was determined without the grid at Re = 815 which is shown
in figure 5.17. A uniform energy distribution has been observed in this case. But when the grid
was introduced, the kinetic energy distribution changes dramatically due to vortex breakdown.
Figure 5.18 shows the kinetic energy contour at Re = 815. Similar contours were observed at Re
= 3500 which is shown in figure 5.19. The quantitative measurements are shown in figure 5.20
and 5.21. Here the kinetic energy distributions are shown for different locations before and after
the step respectively at Re = 815. Both figures refer the high intensity of turbulence in the flow

field. Similar distributions are shown in figure 5.22 and 5.23 at Re = 3500.
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Figure 5. 23: Normalized kinetic energy after the step at Re = 3500.

5.1.3 MEASUREMENT OF TURBULENT INTENSITY
The turbulent intensity was measured both qualitatively and quantitatively. The turbulent
intensity gives an idea of the velocity fluctuation of the flow field. The turbulent intensity has
been calculated by eqn 2.14 described in chapter 2. The PIV images gave the instantaneous
velocity components. By calculating the average velocity distribution, it is possible to calculate
the fluctuating components from the instantaneous velocity field. This velocity fluctuation also
gives the vorticity magnitude for the flow field. Figure 5.24 and 5.25 shows the velocity vector
colored by vorticity magnitude at Re = 815 and 3500 respectively. Numerous vortex pairs were
observed in both cases. The vortex pairs were generated by the grid at the upstream and made the
flow field highly turbulent. Quantitative measurements were shown in figure 5.26 which implies

the turbulent intensity at three different locations before the step. The figure also implies that the

level of turbulent intensity is high close to the grid.
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Figure 5. 25: PIV measurements of Vorticity contour at Re = 3500.
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Figure 5. 27: Turbulent intensity after the step at Re = §15.
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Figure 5. 30: Turbulent Intensity at x/L = 0.33 at different Reynolds number.
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Figure 5. 31: Turbulent Intensity at x/L = 0.73 at different Reynolds number.
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Figure 5.27 shows the turbulent intensity after the step at Re = 815. It is observed that the
level of turbulent intensity becomes low after the step due to low velocity recirculation zone.
Similar turbulent intensity distributions are shown in figure 5.28 and 5.29 for different locations
of the combustor at Re = 3500. As the Reynolds number become higher, the turbulent intensity
level also become higher. A comparison of turbulent intensity level has been shown in figure
5.30 and 5.31. Figure 5.30 shows the distribution of turbulent intensity at two different Re at x/L
= 0.33. The figure clearly shows that the turbulence intensity level become higher at high Re

value. Similar distributions were observed at x/L = 0.73 for the same Re values.

5.2 CFD Modeling

A simplified two dimensional computational modeling has been done for this particulate
case. The primary objective of the CFD modeling was to predict the flow field before the design
of the combustor had been finalized. The key parameters observed from CFD were the velocity
and pressure field and also the vorticity magnitude inside the combustor. As the combustor
consists of a backward facing step, some preliminary CFD analysis were done without the grid

and compared with the published experimental data.

Flow through a backward facing step is one of the classical internal flow problems in
fluid mechanics. Extensive numerical and experimental studies have been done on this topic.
Due to the geometric simplicity and flow diagnostic technique, this phenomena has become a
practice for numeric validation for computational fluid dynamics (CFD). In this paper fluid flow
through a backward facing step has been studied numerically for a 2D channel having an
expansion ratio of (H/h) = 2:1. Commercial software package ANSYS Fluent has been used for
the numeric simulation. Different flow characteristics have been calculated at different Reynolds
number (Re = 815 and 3500) in order to predict the actual flow behavior. Detached Eddy

Simulation (DES) has been done for this study. The DES model is often referred as a
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combination of RANS & LES model for application such as high-Re flow. The cost of DES
computation is significantly low compare to LES modeling as it is based on one equation
Spalart-Almaras model, the realizable k-¢ model and the SST k- model. Calculations are done
for different flow regimes. Finally the observed data such as horizontal velocity, vorticity,

turbulent intensity and turbulent kinetic energy have been compared with PIV data.

5.2.1 COMPUTATIONAL DOMAIN AND MESHING

The Computational domain was developed based on the step size. An expansion ratio of
1:2 is assumed during the development of the geometry. Other parameters are assumed as a
function of h. Figure 5.32 shows the schematic of the geometry of a backward facing step. The
step size is assumed as 25mm. To predict accurate flow behavior the downstream domain is

assumed to be 6 times longer than the step.

Top wall

E Inlet o €—Grid Outlet

1\ <—Step h=25mm

Bottom wall |
6h >

Figure 5. 32: CFD domain of a backward facing step channel.

Around 0.18 million structured quadrilateral mesh were used within the entire domain.
The mesh elements were clustered near the wall boundary in order to resolve the boundary layer.
Maximum face size of the mesh is assumed as 0.025mm. The orthogonal quality of the mesh
remains 0.98 and maximum aspect ratio is 1.43. A mesh independence test was done based on

the flow separation length at Re = 100. Different mesh sizes were used to check mesh
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independence without the grid. Table 5.1 shows the mesh dependency on flow separation length.
5 different cases were checked for this keeping Re=100. From the table its clearly shown that the

problem become mesh independent at mesh size of 400x450.

Table 5.1 Mesh independency test.

Iteration Mesh Xr/h
(width X Length)

1000 50x100 4.8

1000 100x 200 4.5

1000 300x 400 3.9

1000 400x 450 3.8

1000 500x 500 3.8

5.2.2 CASE SETUP AND SOLUTION

A 2D planner pressure based solver was used for the simulation. Air was considered as a
working fluid. Inlet boundary condition was determined based on Re. For Re calculation the
hydraulic diameter is assumed as 2h, where h is the step size. Standard least square discretization
technique was used. A second order upwind solution method with SIMPLE solver was
considered. Re is set as 815 and 3500 as an inlet condition for two different cases. These values
were determined from the experiment in the current facility. Pressure outlet was assumed as
outflow. DES model with one equation Spalart-Allmaras RANS model was chosen for the
simulation. For convergence, the residue for continuity and velocity were set as 0.00001. Each
solution was allowed to run 3000 iteration to met the minimum convergence criteria. The time
step of each simulation was assumed as 3.33e-6 sec. To validate the CFD model, flow separation
length (Xr/h) at different Re without the grid is compared with experimental data. Figure 5.32
shows the comparison of CFD results which have a good agreement with published experimental

data.
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Figure 5. 33: CFD result validation with experimental data. The line 'CFD Project' represents the
computational result [35].

5.2.3 CFD MEASUREMENT OF AVERAGE VELOCITY

The instantaneous velocity fields have been determined from the CFD result after the
convergence of the solution. Approximately 250 velocity values were taken into consideration.
Velocity has been extracted at the same locations as the PIV measurements. Figure 5.33 shows
the comparison of average U-velocity distribution for PIV and CFD results. It has been observed
that the CFD also predicted the five distinctive velocity peaks. But overall the CFD
measurements slightly over predicted the average U-velocity at x/L = 0.06 location at Re = §15.
This happens due to the discrepancy of 2D simulation and 3D experimental measurements. There
are out of plane motions in the actual case which cannot be predicted by PIV measurements
which acts as a contributing factor for this dissimilarity of the results. Figure 5.34 and 5.35
shows the contour of instantaneous U-velocity and V-velocity at Re = 815 respectively. In both

case, the low velocity zones were observed after the step.
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Figure 5.36 shows the average U-velocity distribution at three different locations before
the step. The distributions were similar as the PIV measurements. As the fluid goes far from the
grid the velocity peak become less dominants due to dissipation of kinetic energy. Similar
distributions have been observed for average V-velocity distributions as well which is shown in
figure 5.37. Figure 5.38 shows the instantaneous U-velocity contour at Re = 3500. Here the low
velocity zone after the step was also observed. At higher Re value the velocity fluctuations were
more frequent which was observed in figure 5.38. Similar results have been observed for
instantaneous V-velocity contour which is shown in figure 5.39. The distributions of normalized
kinetic energy were shown in figure 5.40. The fluctuation of kinetic energy was visible due to
the grid. Five distinctive high kinetic energy peaks were observed close to the grid but the

dissipation of energy become dominant as fluid goes far from the grid.
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Figure 5. 34: Average U-velocity from PIV and CFD calculation at Re = 815 and x/L = 0.06.
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Figure 5. 35: CFD result of instantaneous U-velocity contour at Re = 815.
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Figure 5. 36: CFD result of instantaneous V-velocity contour at Re = §15.
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Figure 5. 37: CFD result of average U-velocity distribution before the step at Re = 815.
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Figure 5. 38: CFD result of average V-velocity distribution before the step at Re = 815.
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Figure 5. 39: CFD result of instantaneous U-velocity contour at Re = 3500.
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Figure 5. 40: CFD result of instantaneous U-velocity contour at Re = 3500.
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Figure 5. 41: Normalized kinetic energy distribution before the step at Re = 815.

5.2.4 CFD Measurement of Pressure

The pressure measurement shows the different vortex region inside a flow field. In this
study, pressure was measured at different locations inside the combustor domain. Figure 5.41
and 5.42 shows the instantaneous static pressure contours at Re = 815 and 3500 respectively.
Both figures show the negative pressure zones just after the grid which implies the vortex
generation due to the grid. It also implies the vortex breakdown due to the grid turbulence. It is
expected that the negative pressure zone after the step will hold the flame by supplying constant
fresh air-fuel mixture during the experiment. Figure 5.43 shows the distribution of the static
pressure along three different locations before the step at Re = 815. It was observed that the
fluctuation of pressure is higher close to the grid and the pressure fluctuations reduce as the x/L
increases. Figure 5.44 shows the static pressure distribution after the step and a large pressure

drop was observed after the step due to the recirculation zone.
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Figure 5. 42: CFD result of instantaneous pressure contour at Re = 815.
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Figure 5. 43: CFD result of instantaneous pressure contour at Re = 3500.
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Figure 5. 44: CFD calculation of static pressure coefficient before the step at Re = 815.
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Figure 5. 45: CFD calculation of static pressure coefficient after the step at Re = 815.
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5.2.5 CFD MEASUREMENT OF TURBULENT INTENSITY

The turbulent intensity has been calculated by taking 100 instantaneous velocity
measurement for a certain period of time. The calculation was done by the similar process used
in PIV measurements. The turbulent intensity was also compared with the PIV data which is
shown in figure 5.45. It was observed that the CFD over predicted the turbulent intensity then the
PIV data. Although the distribution pattern was similar, the CFD predicted higher turbulent
intensity due to 2D simulation. Figure 5.46 and 5.47 show the instantaneous vorticity contours at
Re = 815 and 3500 respectively. The vortex breakdown was clearly observed in both figures.
Vortices due to boundary wall were also observed in those figures. The distributions of turbulent
intensity before the step are shown in figure 5.48. This distributions were calculated at Re = 815.

The effects of blockage ratio have been calculated by CFD analysis.
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Figure 5. 46: Comparison of Turbulent Intensity at x/L = 0.06 for PIV and CFD.
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Figure 5. 47: CFD result of instantaneous vorticity contour at Re = 815.
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Figure 5. 48: CFD result of instantaneous vorticity contour at Re = 3500.
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Figure 5. 49: CFD result of turbulent intensity distribution before the step at Re = 815.

Three different blockage ratio (BR 54, BR 61 & BR 67) have used during the simulation.
The numeric value beside 'BR' represents the percentage blockage in the flow field. Figure 5.49
shows the turbulent intensity distribution for three different blockage ratio at x/L = 0.33. It was
observed that the turbulent intensity increases as the blockage percentage increases. Moreover,
the strain rate has been determined from the CFD result. Figure 5.50 shows the strain rate
contour at Re = 815. The strain rates are higher in the place where the vorticity magnitude is
higher. Figure 5.51 also shows the similar strain rate contour at Re = 3500. Finally the pathline
has been determined which represents the particle trajectory in the flow field. Figure 5.52 shows

the instantaneous pathline at Re = 815 which is colored by the stream function.
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Figure 5. 50: CFD result of Turbulent intensity for different blockage ratio at x/L =0.33.
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Figure 5. 51: CFD result of strain rate contour at Re = 815.
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Figure 5. 52: CFD result of strain rate contour at Re = 3500.
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Figure 5. 53: CFD result of path line at Re = 815 colored by stream function.
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6.1

Chapter 6: Conclusion

Summary

The overall summary of the study can be described as follow-

An optically accessible combustor has been designed for turbulent combustion
study. UNS S316 stainless steel has been selected for the combustor material and
fused quartz glass has been selected for the window material. The combustor is
designed for a maximum operating pressure of 6 bar. The window is designed
according to this pressure and a maximum temperature of S00K.

In order to create turbulence, a specially designed grid is installed inside the flow
path of the combustor. The grid is designed with three different blockage ratio
(BR =54%, 61% & 67%).

A backward facing step is also installed inside the combustor to achieve a
recirculation zone. The sole purpose of this step is to provide fresh air-fuel
mixture during experiment in order to achieve stable flame inside the chamber.
Separate cooling subsystems have been designed for chamber cooling and
exhaust gas cooling.

A 10 kHz Particle Image Velocimetry (PIV) system and a 3 kHz Planer Laser
Induced Fluorescence (PLIF) system have been integrated with the system in
order to study the flow and the flame respectively.

A two dimensional CFD analysis has been done by Detached Eddy Simulation
(DES) model in order to resolve the characteristic flow parameters. The
Quadratic mesh element is used with a two dimensional pressure based Navier-
stock solver. Characteristic flow behavior such as the average U-velocity, static
pressure, kinetic energy, turbulent intensity and vorticity contour have been
calculated for two different Reynolds number (Re = 815 & 3500) and presented.

The mean U-velocity is also determined and compared with PIV data.
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= Results show significant agreement with experiment. The PIV data also confirms

the recirculation zones and vortex breakdown due to the grid.

6.2 Future Work

The overall goal of this project is to investigate the 'Thickened Flame' regime. In order to
achieve that milestone, the following tasks need to be done with a systematic manner-

= Study of the global characteristic of premixed flames at rated condition. A serious
of measurements need to be done at compressible and high intensity turbulent
conditions. The effects of grid and characteristics of recirculation zone will be
studied. Moreover, the effect of inlet velocity, temperature, chamber pressure,
blockage ratio, and step geometry on velocity fluctuations and integral length
scales will be studied.

* Flow field and flame characterization with simultaneous use of TR-PIV &
OH/CH PLIF will be performed. In order to capture simultaneous images of flow
structures and reaction zone, high resolution imaging will be performed. This high
resolution images will capture the time history information of eddies, flame
contours, and their interactions.

= Measurement will be performed to understand the effect of high intensity
turbulence layer of the flame such as flame wrinkling, corrugation, extinction and

broadening of flame fronts due to small eddies with high rotational velocity.
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Appendix I

Detailed drawing for the combustor parts.
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Appendix I1

Detailed calculation of Entrance and Exhaust section.

The governing equation for the entrance and exhaust transition curvatures is as follows:

r=ax’+ bx*+ cx®+ dx*+ ex+ f (1)
Z—: =5ax* + 4bx® +3cx* +2dx + e 2
d%r 3 2
- = 20ax® +12bx* + 6cx + 2d 3)

Having the following boundary conditions:

dr d?*r
@x=0:r=ri;a=0;m=0
@x—Lir— dr .dzr_o
A PR

Putting the boundary conditions at eqn 2 and eqn 3, we get the equation of the curve of the
entrance section -

r = —0.000589x° + 0.00736x* — 0.02456x3 + 0.75

Similarly the equation of the exhaust section curve:

r = 0.0000307x° — 0.000786x* + 0.005122x3 + 0.787
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Appendix I1I

Specification of pressure transducer.
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Power [W]

Pulse width [ns]

Appendix IV

Specification of PLIF laser and Image Intensifire.

Laser power sheet

Power vs, current
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Pulse energy vs. current
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sImage intensifier

Parameter C10880-01C C10880-03F Unit
Luminous sensitivity {Typ.) 230 pAS Im
Radiant sensitivity (Typ.) 53 mAM
Quantum efficiency {Typ.) e 15 %,
Phaotocathode window material Synthetic quartz -
Photocathode material Multialkali L
Spectral response range 185 to 800 nm
Wavelength of maximum response 430 nm
Photocathode diameter pact mm
Input lens mount C-mount F-mount
Phoeaphor screen window matcrial Clazs -
FPhosphor screen material P-46G -
Lurninous gain (Typ.) 110" {Imfrm=ylx
Radiant emittance gain (Typ.) " 4.2x10° m;mz?f;wm?}
EBI (lumen) (Typ.) * 2x10° Imicm®
EBI (radiant) (Typ.) " & 2x10™ Wiem?
Limiting resolution {Typ.) 38 Lpfmim
Image magnification 087 -
Maxirum input light 2 5.0x107 I
intensity (Typ.) ! 8.0x107"° Wiem?
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Symbol

Ty
BR
Re

&~

ReT

Ka
Ohyd
oM

O
Ts

Glossary

(In order of appearance)

Description
Mach number
Inlet air temperature
Blockage ratio
Reynolds number
Free stream velocity
Integral length scale
Instantaneous velocity
Fluctuation of velocity
Turbulent kinetic energy
Turbulent dissipation rate
Viscous stress
Dirac delta function
Turbulent intensity
Fluid viscosity
Kolmogorove length scale
Kolmogorove time scale
Laminar flame speed
Unburned mixture temperature
Brush thickness
Stretch factor
Turbulent Reynolds number
Damkohler number
Karlovivitz number
Hydrostatic stress
Von Mises stress
Yield stress
Tnagential stress
Particle relaxation time
Particle diameter
Boltzman constant
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Unit

MPa
MPa
Mpa
MPa
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