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Abstract

As a fundamental study to understand characteristics in catalyst-assisted combustion, nu-
merical simulations of two canonical models are performed.

For a stagnation-point flow combustor with a catalytic surface, parametric studies are
conducted to investigate the effects of strain rate, equivalence ratio and heat loss on the
combustion and extinction modes. The steady results showed that catalysis can largely ex-
tend the strain-induced extinction limit, while suppressing the gas phase reaction at lower
strain rates. The temperature versus strain rate response curves exhibit multiple branches of
stable solutions, implying a possibility of hysteresis behavior in a coupled homogeneous-
heterogeneous reactor. In the lean extinction limit investigation, results show that the level
of flammability extension by surface reaction depends strongly on the mixture dilution,
such that the benefit of catalyst-assisted lean combustion can be fully realized only with
adiluted system. These observations are explained by consideration of characteristic time
scales calculated from the fuel consumption rate. The extinction response to an oscilla-
tory strain rate also shows consistent behavior. Experimental validation was carried out to
demonstrate simulation conclusions. It was found the substrate surface heat loss condition
isakey factor to match simulation result with experimental results. Radiation and conduc-
tive heat |oss through the surface in the experiment could be modeled as one effective heat
loss coefficient, and that coefficient isrelevant to both the flow rate (related with strain rate)
and the surface temperature at that time. Thus an iteration process could be used to find the
extinction condition for afixed flow rate.

Parametric studies on heat loss, equivalence ratio and device dimension for micro-
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channel flow configuration are conducted to research the combustion stability at near quench-
ing conditions. A parallel DNS code supplemented by flame position capturing ability is
applied. The results show the flame quenching condition is mainly affected by channel
width and equivalence ratio at current parameter range. Channel wall heat loss shows
influence on flame propagation speed but not on quenching conditions. Flame shape is
affected by both equivalence ratio and heat loss.

This whole research is expected to provide insight into improving the overall combus-

tion stability and efficiency of catalyst-assisted combustors.



Chapter 1

| ntroduction

With the recent advances in the fabrication technologies for micro electro-mechanical sys-
tems (MEMYS), there is strong research interest in developing miniature power generation
systems with a dimension ranging from afew centimetersto a fraction of a millimeter [ 6].
If such a devices can be developed and the target design specifications are met, the ap-
plication areas of the micro-engines are countless; most notably the batteries for portable
electronics, small-scal e aerospace propulsion systems, and military applications, to name a
few.

Among many alternative energy sources for the future, combustion still appears to be
the most effective means for compact power generation devices in favor of its high energy
density. Typical hydrocarbon fuel has a specific energy of 45 MJkg, while in compari-
son a high-performance battery has the energy density of about 1.2 MJKkg [7]. Thus, the
micro-combustor system only needs to be as efficient as 3% to compete against commercial
batteries. Furthermore, if carefully operated, the product gases consisting mainly of CO,
and water will have less adverse environmental impact compared to exhausted batteries.
All these aspects show many great promisesin the pursuit of micro-combustor research.

Thusfar, amgjor effort in the micro-combustor design has been based on the concept of
aminiature version of the macro-scale counterpart [1, 8, 9, 10, 11, 12, 13, 14]. Figure 1.1
shows some of such examples. In this case, the high temperature and high pressure product

gases are used to rotate turbines, push pistons or other movable components to generate
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Igniter

Figure 1.1: Examples of micro-combustor designed in model of macro-combustor, com-
bustion chamber assemblied with turbine together [ 1, 2].

electric energy. Typical sizes of such devices are usually severa centimeters and the fabri-
cation involves complicated mechanical and electrical process. Theanticipated efficiency is
claimed to be as high as 40%-70%. However, the mechanical friction and wear of the high-
speed moving parts remain a serious concern. An alternative approach is to use a smple
geometric configuration such as cylindrical or rectangular combustion chamber and gen-
erate electric power through the use of thermoelectric, thermionic or thermophotovoltaic
components [3, 4, 15, 16, 17]. Asillustrated in Fig. 1.2, their ssmple configuration and the
lack of moving components working at high temperature offer a design that is durable and
easy to fabricate, athough achieving high efficiency through the thermoel ectric means can

be a challenge.



Figure 1.2: Examplesof micro-combustor without moving part, |eft one collect combustion
energy though thermionic emission [ 3], right one use thermophotovoltaic component: (@)
without cooling fins, (b) with cooling fins[4].

In either approach, one of the major challenges in combustion aspectsisto achieve sta-
ble chemical reaction in a device that suffers from a large amount of heat loss due to its
high surface-to-volumeratio. It iswell known that combustion cannot be sustained in a di-
mension smaller than the quenching distance due to the overwhelming heat |oss compared
to the heat generated by the flames. To overcome this difficulty, catalytic materials are used
as ameansto sustain and stabilize combustion in the presence of large surface area[13, 16].
In fact, catalytic technology have long been used in the automotive application to process
post-combustion gases to reduce emissions. Catalytic combustion has also been used in
gas turbines to achieve low-temperature stable combustion to reduce NOx [ 18, 19]. In the
micro-combustor application, catalytic materials embedded on the reactor surface can ex-
tend the quenching limits so that stable combustion can be achieved under conditions that
are otherwise nonflammable. Therefore, unlike the large-scale catalytic combustor, devel-
opment of micro-combustors faces drastically different challenges in identifying optimal
operating conditions and meeting design targets. For example, achieving self-sustained

combustion to overcome the quenching distance may be more important than establishing
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low-temperature and low-NOx combustion as would be the case in the gas turbine applica-
tion. In a premixed combustion mode, increased viscous friction due to reduced dimension
has also been found to be an additional source of combustion instability [20]. Therefore,
it is of great interest to understand fundamenta characteristics of the coupled effects of
surface and gas-phase chemical reactions that are more relevant in the micro-combustor

application.

The present research mainly focuses on micro-combustor without moving parts, in an
anticipation that the simple configuration and continuous combustion behavior allow easy
development of robust and portable combustor devices. In particular, a stagnation-point
flow isused as a model problem in the present study. This configuration has not only been
considered as an on-chip micro-combustor design [21], but it also serves as an excellent
canonical configuration in which the coupling of surface and gas-phase combustion can
be extensively investigated over a wide range of physical parameters, such as the equiva-
lenceratio, flow strain rates, and heat |oss to the surface. Extensive numerical calculations
of steady and unsteady flame behavior will be performed using detailed reaction mecha

nisms[22] that have been validated against experimental measurements.

A number of asymptotic analysis have been performed for a stagnation-point flow con-
figuration employing simple chemistry. An earlier study by Law et al. [ 23] showed that the
catalytic extension of the extinction limit of a stretched premixed flame is possible when
the Lewis number of the deficient reactant is less than unity. Margoliset al. [ 24] analyzed
a similar system in the near-unity Lewis number limit considering both surface reaction
and volumetric heat loss, and showed that catalytic reaction can significantly extend the
extinction limits caused by flame stretch and heat loss. In addition, he found that multi-
ple solution branches appear corresponding to different surface temperatures, suggesting
that different solution branches may be expected depending on the boundary and initial

conditions of the problem.
Many recent experimental and computational studies of catalytic reactions have primar-
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ily focused on their ignition characteristics. Fernandes et al. [ 25] experimentally examined
the auto-ignition behavior of H,/O, mixtures over a platinum foil and demonstrated that
the catalytic surface can extend the flammability limit on stagnation-point flow. On the
other hand, it has a'so been found that the catalytic surface may inhibit gas phase reac-
tion [26]. Veser et al. [27] experimentally obtained bifurcation diagramsto characterize the
ignition behavior of hydrocarbons over platinum plate. While these studies have provided
valuable information regarding the basic ignition characteristics, further work is needed to
understand the ignition as well as extinction characteristics of catalytic combustion over a
wide range of heat loss, mixture composition, and flow strain conditionsthat are relevant to
the micro-combustor application. The present work will provide extensive simulation data

to address many fundamental issues related to this subject.

Besides whole process of combustion with variable strain rate, micro-combustor’s per-
formance under near extinction condition due to low temperature is also ainteresting issue.
For micro-combustors, high combustion temperature isundesirable since it adversely affect
the mechanical and chemical structures of the interior parts. This problem can be alleviated
by achieving low-temperature combustion using lean reactant mixtures. Another benefit of
lean combustion is lower pollutant emission such as NOx or soot. However, low tem-
perature combustion is more difficult to achieve in micro-combustors because their high
surface-to-volume ratio causes a large heat loss compare to macro-scale combustors. A
feasible approach to overcome this difficulty isto employ surface reaction using a catalytic
material to assist stable combustion. It is therefore of fundamental importance to assess
the extent of flammability enhancement due to the surface reaction, especially under lean

mixture conditions.

Flammability extension by catalytic reaction has been studied in various configurations.
Park et al.[28] performed a numerical study of hydrogen/air stagnation-point flow model
with a platinum catalyst, and showed that catalytic reaction can extend both lean and rich

flammability limits. Seo et al. [29] experimentally investigated a channel flow combustor
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with apalladium catalyst to determine the minimum surface temperature for sustained com-
bustion. They reported an interesting observation that, when the liquefied natural gas-air
ratio was 4.25%, the minimum preheat temperature at which the flame extincts was lower
than the preheat temperature of surface extinction. When the fuel-air ratio was 3.86% or
less, the preheat temperature for flame extinction was higher than that of surface extinction.
These results suggest that successful application of catalyst-assisted micro-combustion de-

pends on parametric conditions of the combustion systems.

Another issue of fundamental interest isthe effect of unsteadiness. Due to the small di-
mension, a micro-combustor is subject to larger variability in operating conditions because
there are large uncertainties and technical difficulties in maintaining the constant inlet pa-
rameter conditions such as the flow rate, composition, and surface heat lossin small scale
devices. It has aso been understood that flames near extinction conditions are in general
more sensitive to external perturbations [30], which can sometimes lead to combustion in-
stability. Therefore, the flammability extension by catalytic reactions must be carefully
examined under unsteady conditions. A number of studies exist on the response of strained
flamesto unsteady strain rate[30, 31, 32, 33, 34, 35] and composition fluctuations[ 36, 37].
In this study, theseissues are investigated in a system with homogeneous/heterogeneousre-
actions. In particular, the concept of the dynamic flammability limit [ 37] and its extension

due to catalytic reactions are explored.

Therefore, there is motivation to conduct numerical simulation to examine the effects
of mixture dilution and surface thermal conditions on the lean extinction limit for a steady
system. Subsequently, flame behavior in response to unsteady strain rate and equivalence

ratio isinvestigated in the context of the flammability extension by catalytic reaction.

Though catalytic reaction shows alot of benefits in simulation study such as extension
of extinction strain rate, lower extinction equivalence ratio and temperature in diluted sys-
tem, enhanced environmental disturbance resistance, corresponding experimental study is

need to demonstrate those conclusion. To validate the findings from the modeling studies,
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Figure 1.3: Experimental setup

experimental studies[5] have been conducted recently by setting up a compact stagnation-
point flow combustor as shown in Fig. 1.3. The silicon wafer substrate (stagnation plate)
was coated with platinum to assess the catalytic effects. Experimental measurements were
performed under similar conditions of mixture composition and strain rate. In contrast
to the computational predictions, however, the measured surface temperature at extinction
was consistently lower by at least several hundreds K, even with a significant amount of
external heating on the substrate. Furthermore, the difference in the lean flammability limit
between the catalytic and non-catalytic surface conditions was found to be insignificant.
After careful examinations, the main cause for the discrepancies was the larger amount of

heat |oss associated in the experimental apparatus.

To reconcile the discrepancies between modeling and experimental studies, we thus
attempt to reproduce the experimental conditions with a better estimate of the heat loss
effect. Thisis not a trivial task, because heat transfer between the hot catalytic surface
and the surrounding combustion gases involve all heat transfer modes - radiation, conduc-
tion and convection. Conductive and convective heat transfer effects between the surface

and surrounding gases can be combined in terms of the effective heat transfer coefficient

7



because both are linearly proportional to the temperature difference. On the other hand,
radiative heat loss is harder to estimate due to the lack of knowledge on the emissivity of
the catal ytic surface that also depend on temperature. Moreover, there are additional differ-
ences between the 1-D modeling and the actual experimental system which may actually
reveal the effect of heat transfer in the transverse direction. Theradial variation in the axial
velocity at the nozzle exit due to the presence of boundary layers further contributes to
the discrepancies. Therefore, in this study we attempt to revise the computational model
to account for these additional effects associated with the experimental device, thereby
achieving improved agreement between the modeling and experiment. Once the cross-
validation is completed, then the numerical model can explore combustion characteristics

in the parametric ranges that are beyond the capability of the current experimental setup.

Besides stagnation-point flow model, another canonical geometry to investigate micro-
combustor is channel flow. The choice of the configuration is based on the practical rele-
vance of some recent devel opments on micro-combustor. For example, the famous ” Swiss
Roll” micro-combustor design [38] could be distinguished as a combination of stagnation-
point flow and channel flow. Besides, as well as stagnation-point flow model was config-
ured to analyze effect of strain rate, channel flow could be utilized to investigate effect of

diffusionif fuel and oxidizer are introduced separately.

Previousinvestigation for channel flow are mostly concentrated on one-dimensional ge-
ometry, one step chemical mechanism or simplified mechanism. Limited research among
them are for detailed chemistry and multi-dimensional configuration due to huge computer
resource demand. Michaelis and Rogg [39] used a finite-element method to investigate a
steadily propagating 2-D flame in channel with detailed chemical mechanism and refined
mesh near flame. Galilean transformation in velocity is applied. Three kinds of bound-
ary condition: non-dlip adiabatic wall, non-dip isotherma wall, dlip adiabatic wall are
tested. Flame shape change was investigated without quantitive thermal boundary condi-

tion. Kurdyumov et al. [40] investigated the critical flashback condition of premixed flame
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experimentally (propane/air) and theoretically (asymptotic) mainly focused on adiabatic
wall and isothermal wall condition. Both experimental and numerical results shows the
limit of flashback varies strongly with heat transfer to the wall. Pizza et al. [41] investi-
gated the stabilization and dynamics of lean premixed hydrogen/air atmospheric-pressure
flames in planar micro-channels of prescribed wall temperature with respect to the inflow
velocity and channel height (0.3 to 1.0 mm) using direct numerical simulation with detailed
chemistry and transport. Rich dynamics starting from periodic ignition and extinction of
the flame and further transitioning to symmetric V-shaped flames, asymmetric flames, os-
cillating and pulsating flames, and finally again to asymmetric flames are observed as the
inlet velocity isincreased.

None of above research involved parametric study of channel size, equivalence ratio or
wall hesat loss for flame propagation or quenching behavior as what is done in this chapter.
This research is a extension of micro-combustor performance investigation as in previous
chapters but for a different micro-channel configuration. The whole research including
both models are expected to provide direction into improving the combustion stability and
efficiency of micro-combustors.

In the following, the modeling formulation and the associated numerical method will
be described at beginning of each chapter. Detailed study method, observation and con-
clusions will be discussed within each chapter. In chapter 2, the steady combustion char-
acteristics of methane over a platinum plate with continuously variable strain rate will be
studied. Chapter 3 issystem responseto diluted/|ean reactant and vibrating input. Chapter 4
is about experimental validation and potential to improve experimental results. Chapter 5
is for parallel DNS code computation on micro-channel model for different channel size,

equivalence ratio and channel wall heat |oss.



Chapter 2

Extinction Characteristics of Catalyst-Assisted

Combustion with Variable Strain Rate

Asaclassical configuration in combustion and fluid mechanics research, stagnation-point
flow model is applied in this chapter to investigate combustion stability and extinction
criteria. Combustion process and extinction due to large strain rate with combination of
different equivalence ratio and stagnation plane heat loss/heat supply are studied here. In
the last, a plot indicates stagnation-point flow micro-combustor performance criteria under
different combination of wall heat condition and equivalence ratio is presented. Through
out this chapter, input parameters such as inlet flow rate, equivalence ratio, environmental
temperature, nozzle distance and heat | oss coefficient are all constant that conduce to steady

response of the whole system.

2.1 Model Configuration

Figure 2.1 shows a schematic of the model. A combustible gas mixture is blown from the
top of the catalytic surface, forming a stagnation-point flow configuration. This geometry
represents a canonical problem of heterogeneous/homogeneous combustion subjected to a
strained flow field, which introduces an additional variable that governs the quenching and

flammability limit.
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Figure 2.1: Schematic of the stagnation-point flow configuration

2.1.1 Formulation

The governing equations to describe the steady state combustion system are derived based
on the solution similarity along the centerline, such that al the solution variables are as-
sumed to be a function of = only. The conservation equations for mass, axial momentum,

radial momentum, energy, gas and surface species are written as:

0
P (pu) +2pV =0, (2.2)

ou Jp ov 40 ou 4 0
o Tor  ?or 300 (*‘a—) T3 1Y) =0 (22)
oV , O [ OV B _1op



or o (.0T\  ap or
oY}, 0
pu—— + 9 (pYiVi) = Wiwr, =0, k=1,--- K, (2.5)

where V' = v/r, V} is the diffusion velocity of species & in the z-direction, p is the
molecular viscosity, A isthe thermal conductivity, ¢, isthe mixture specific heat, IV, isthe
molecular weight of species k, hy, isthe enthal py of formation, and w,, isthe molar reaction
rate as defined in Chemkin [42]. K, and K, are the total number of gas-phase and surface

species, respectively.

The above equations are subjected to the following boundary conditions. On the mix-

ture inlet boundary, the variables are fixed as constants:

[L‘:L, UZUOO, UZO: TZTO(M P = Po, Yk: :Ykoo (26)

The surface boundary conditions are more complex. When the surface isinert, thereis
no surface reaction and the no-dlip velocity boundary condition is applied. When the sur-
face is reactive, the coupling between the gas phase and the surface is established through

amass-flux matching condition for each of the gas-phase species as

pYi(use + Vi) = wpg Wi, (2.7)

where the effect of surface chemistry appears in the Stefan velocity

12



Surface species are computed by
= =0, k=1,---,K,. (2.9)

WhereI',, isthe surface site density for the site type n and s, is the generation rate of the
k-th surface species. For both reacting and nonreacting surfaces, the no-slip condition for
the radial velocity (v = 0) isapplied [43]. Surface temperature is also computed from the

energy conservation equation:

T & K.

/\a— = oYV + whe =Y 8, Wihy, + 4, (2.10)
T k=1 k=1

where ¢ is the energy source in the surface itself, so as to represent the effects such as

electrical heating or conductive hest |oss through the substrate.

Figure 2.2 shows the staggered grid system and the boundary conditions for individual
equations used in the calculation. Similar to Rajaet al. [43], the grid system is defined such
that only the axial velocities are represented on the cell surfaces and all other variables are
defined in the cell center. Therefore, the axial velocity at the surface (center of the first
control volume) isu ;. To improve the stability of the system, an artificial dissipation term

2
o QAx <@> is added to the continuity equation [44], where a proper scaling of the term
Uy

0x?
ensures stability with little effect on the solution fidelity.

The computation is performed using a revised version of the OPUS package [45]. To
simulate a reacting stagnation-point flow, the code is modified into the configuration in
which a premixed fuel and oxidizer stream is supplied from x = L, and the other bound-
ary (xr = 0) is set as a solid surface. The surface reactions on the solid surface and their
interface with gas phase reaction are fully incorporated [46]. Full steady and unsteady solu-
tion capabilities are implemented based on Twopnt[47] and DASPK[48], athough only the
steady solutionsare presented in this chapter. The codeisinterfaced with Chemkin[42] and

Transport [49] packages for computing detailed reaction rates and transport properties. To
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Figure 2.2: Finite-volume, spacial-difference stencil for the stagnation flow equations
generate the continuous steady combustion response curves around the ignition/extinction
turning points, an arc-length continuation method [ 50] is employed in the code.

2.1.2 Arc-length Continuation

The system equations shown in the previous section can be represented as:
F(u; \) =0, (2.11)

where v is the solution vector with size n and A is a parameter. The nonlinear system of
equations is solved by the Newton iteration technique using the Twopnt subroutine [47].

However, the Newton method fails near the turning point because of the singular Jacobian
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oF

matrix I, =
ou

if the method is applied directly to equation system (2.11).

In order to obtain the solution around the turning points, a new arc-length parameter s
isintroduced such that

F(u(s); A(s)) = 0. (2.12)

Given a solution of uy and A\, at a previous continuation step, the continuation equation

used to augment the equation (2.12) is
1
N = E||U—U0||2+()\—)\0)2— (s — s0)* = 0. (2.13)

Taking the derivative of equation (2.12, 2.13) with respect to s gives

Fyii+ F\A =0, (2.14)

%(UT_UOT)OHA_AO)A_ (s — s0) =0 (2.15)

where u = ug, A = Ag. An Euler method is used for prediction of the solution for each new
continuation step

u =g+ uAs, A = N\ + \As, (2.16)

and i, A are determined by solving the system of equations

1 . - '
E(UT — uOT) A— o A 5 — 8g

Newton’s method is used as a corrector to obtain the solution (u, ) according to

F, Fy Au F
] =— (2.18)
QE(uT —uh) 2(A = Xo) AN N

It can be proved that even F,, issingular, the left hand side matrix in the above two equations
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will not be singular if NV and A\ are chosen properly [50].

2.1.3 Computational Conditions

To investigate the effects of the catalytic surface on the extinction limits, we first consider
the strain-induced extinction characteristics for various conditions for the heat loss and
mixture composition. The strain rate can be controlled by varying the inflow velocity at
the nozzle. For the stagnation-flow configuration, the effective strain rate is usually defined
as theradia velocity gradient, %% (vr), at the flame position [51]. In the present study,
however, the primary reaction zoneis often pushed to thewall with catalytic reaction, where
the velocity gradient vanishes. Therefore, the strain rate is represented by the nominal

o0

velocity gradient based on the nozzle exit velocity and the system dimension, S = IQJ—L
Although this may not be the only way, it serves as a reasonable measure to characterize
the flow time scale.

As for the boundary conditions, a mixture of methane and air at 300K is supplied
through the nozzle located at « = 0.5cm towards the catalytic surface located at = = O.
A platinum plate is considered as a catalytic surface. The GRI-Mech 3.0 [42] is used for
the detailed gas phase mechanism and thermal data, and the surface reaction mechanism
for the methane-air system developed by Deutschmann [22] is adopted.

The surface temperature is determined by the heat generated from chemical reactions
and heat loss to the environment through surface conduction. The thickness of substrate
and the conductivity coefficient are denoted as ¢ and k, and the heat loss through the sur-
face isdescribed by theform ¢ = h (Tt — Tp), Where h = % is the effective heat transfer
coefficient. For simplicity, different heat loss conditions are represented by varying % only,
while fixing the back substrate temperature, Ty, at 300K. Since the back substrate tempera-
ture in an actual combustor is expected to be higher than 300K, thisimpliesthat the 4 used
may be smaller than a realistic material property and the substrate thickness may result.

For example, typical values of » used in the parametric study are in the order of 10 W/m?-
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K. Considering a substrate thickness of 5 mm, the corresponding & = 5 x 1072 W/m-K
may appear too small for a practical solid material. However, this condition can also be
interpreted as a convective heat loss with a heat transfer coefficient of 10 W/m?2-K for an
ambient temperature at 300 K, since the heat resistance of the substrate is negligible com-
pared to that between the plate and the surroundings. Therefore, the adopted heat loss

parameter valuesindeed represent heat |oss conditions for areal device.

2.2 Resultsand Discussion

2.2.1 Flametemperature and extinction behavior

The first part of the computational experiments is to characterize the steady combustion
and extinction behavior as a function of the imposed strain rate. Using the arc-length
continuation technique, a series of steady solutions can be obtained for various parametric
conditions of the equivalence ratio and heat loss. Fig. 2.3 shows the maximum temperature
and its corresponding location versus strain rate for ¢ = 0.8. Since an adiabatic surface
would always result in the maximum temperature attached to the surface, a finite amount
of heat loss with h = 8 W/m?-K is added to ensure non-trivial solutions. The results with
and without considering the surface reactions are compared.

Oneof themainissuesisto identify various combustion modes arising from the coupled
effects of gas-phase and surface reactions. First, consider the pure gas-phase combustion
behavior shown in Fig. 2.3 as a baseline case. As expected, we find a typical flame re-
sponse, in that the flame temperature decreases as the strain rate increases until a turning
point at which the flame extinction occurs. The corresponding flame location isalso seento
approach the surface during theincreasein the strain rate. Neverthel ess, the maximum tem-
perature |ocation of the gas-phase reaction zone remains detached up to the extinction point
due to the hest loss to the surface. Thisis consistent with previous theoretical prediction

for a mixture with the effective Lewis number near unity [52].
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Figure 2.3: Maximum temperature and its location versus the nominal strain rate for ¢ =
0.8, h = 8W/m?-K. The cases with and without surface reactions are compared.

18



In the presence of surface reaction, however, this behavior is significantly modified.
As the strain rate is increased, the gas-phase flame approaches the surface more rapidly
and becomes attached (at S ~ 100 s!). One suggested explanation is that the catalytic
surface reaction becomes more active by attracting the radicals generated in the gas-phase
flame, thereby scavenging the radicals that are needed for the homogeneous reaction [53].
A more recent study interpreted this behavior as the catalytic production of H,O promoting
the termination reaction, H+O,+M—HO,+M, and the depletion of reactants near the sur-
face [54]. Asthe strain rate is further increased, a turning point is reached and the system
bifurcates to another stable combustion branch at lower temperatures. This second stable
combustion branch, which is dominated by the surface reaction, is then eventually extin-
guished at a higher strain rate beyond which no stable combustion can exist. Comparing
the extinction strain rates for the cases with and without surface reaction, it isreadily seen
that the catalytic surface reaction can substantially extend the range of stable combustion.
This result also suggests that there can be a hysteresis effect that |eads to a dudlity of the

stable combustion modes (in the range of S = 100 — 300 s™1).

The multiple solution branches shown in Fig. 2.3 suggest that catalyst-assisted com-
bustion features three distinct combustion modes: detached gas-phase flames, attached
combustion with intense gas-phase burning, and attached heterogeneous combustion. Rep-
resentative points for these three modes are respectively denoted as symbols A-C in the
figure, and the detailed major and minor species profiles are shown in Figs. 2.4 through
2.8. Itisclearly seen that point A (Figs. 2.4 and 2.5) represents a detached gas-phase flame
with radical species diffusing to the surface, point C (Figs. 2.8 and 2.9) indicates surface-
dominant reactions with al the radical and product species emanating from the surface.
Substantially reduced peak values of CO and H, concentrations for point C further sug-
gest that the fundamental combustion mode is different from that of a gas-phase flame. In
comparison, point B (Figs. 2.6 and 2.7) shows a structure in between A and C in that the

maximum temperature is attached to the surface, yet the peak intermediate species con-
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Figure 2.4: Maximum temperature and profiles of CH,, CO,, CO, and H, concentrations
at point A.

centrations are detached into the gas-phase medium. Therefore, the upper-branch solutions
represented by point B are characterized as an attached combustion mode with strong pres-
ence of gas-phase reactions. As aresult, the maximum temperature (which occurs at the
surface) in this branch increases with strain rate, because the reduced residence timein the
gas-phase reaction zone allowsincreased | eakage of intermediate combustible gases toward

the catalytic surface, which has a sufficiently faster reaction time to complete combustion.

Strain-induced extinction is characterized as the condition at which the characteristic

flow residence time becomes shorter than the characteristic chemical reaction time. There-
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fore, the fact that the catalytic reaction can sustain combustion at higher strain rates sug-
gests that the characteristic time scale for the surface reactions is shorter than that for the
gas-phase reactions. To confirm this argument, characteristic time scales for the gas-phase

(7,) and surface (7;) reactions for the present system are defined based on the reaction rate

of methane as
Xcu, p
= 4 2.19
X, I
T, = (2.20)
WcH,

where the units are in seconds, Xy, is mole fraction of methane at the nozzle inlet, R°
isthe universal gas constant, and I is site density of surface species. For these quantities,
wen, for the surface reactions is determined at the catalytic surface, while for the gas-
phase reactions the spatial maximum value of w¢y, isused. Note that wey, in Egs. 2.19
and 2.20 have different units [46]. The characteristic times are evaluated at a fixed strain
rate of S = 179s! for the conditions shown in Fig. 2.3. The results are found to be
7, = 1.508 x 10~*sand 7, = 1.090 x 10~s, clearly demonstrating that the surface reaction
is faster than gas-phase reaction as predicted. It isinteresting to find that the upper branch
solution (point B in Fig. 2.3) showsthat 7 = 1.602 x 10~*s, further confirming that the
reaction at this condition is dominated by the gas-phase chemistry even if the reaction
appears to be attached to the surface. It is noted that consistent resultsin the characteristic

times are found for different choices of the strain rate.

Another measure to characterize the reactivity and its sensitivity is the effective ac-
tivation energy. Although detailed chemical mechanism is considered in this study, it is
useful to identify such a quantity as a means to describe the phenomena based on asimple
chemistry model. Considering the Arrhenius rate expression wey, ~ exp(—FE/RT), the

effective activation temperature based on the methane consumption rate is determined as

E  dlnwcy
T,=— = ———2Cl 2.21
R~ A7) (221)
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All the values are measured at the location of maximum w at the fixed strain rate condition
at S = 179s!. The temperature sensitivity is computed numerically by obtaining steady
solutions with different levels of nitrogen dilution. The effective activation temperature is
found to be 19,774K and 11,227K for the pure gas-phase and surface reactions, respec-
tively, yielding the ratio of v = 0.56, which is similar to the suggested value in Ref. [ 24].
On the other hand, the effective activation temperature near point B in Fig. 2.3, in the pres-
ence of both gas-phase and surface reactions, isfound to be much larger at 28,342K. While
it is difficult to identify exactly which reactions are responsible for causing the high acti-
vation temperature, such an enhanced temperature sensitivity in a coupled gas-phase and

surface reaction system should be noted.

2.2.2 Effectsof equivalenceratio

The mixture equivalence ratio is an important parameter that determines the performance
and the overall characteristics of the combustion system. It isof interest to examine how the
behavior shown in Fig. 2.3 is modified with different mixture conditions. Fig. 2.10 shows
the maximum temperature as a function of strain rate for different equivalence ratios. An
adiabatic wall condition is used in these calculations. Due to the absence of the heat loss,
the maximum temperatureis always at the surface such that the detached combustion mode
(as observed in the upper branch in Fig. 2.3) is hardly seen.

The most notable observation from Fig. 2.10 isthat, as the equivalence ratio increases,
the enhancement in the extinction strain rate is substantially larger compared to that ob-
tained in the gas-phase flames. Approximately an order of magnitude increase in the ex-
tinction strain rate is observed for an increment in the equivalence ratio by 0.2. In arich
condition at ¢ = 1.4, the extinction strain rate was beyond the range that the code could
handle. Clearly, the catalytic reaction favorsricher conditionsfor robust combustion, which
contraststypical gas-phase combustion behavior. On the other hand, the extinction limit ex-

tension on surface branch is not so obvious for equivalence ratios less than 0.6, suggesting
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that catalytic reaction does not significantly help extend the lean flammability limit.

To elaborate on this observation, the solid linein Fig. 2.11 shows the ratio between the
extinction strain rate of the lower branch (surface dominant) and upper branch (gas phase
dominant) in the presence of catalytic reaction. As areference, the dotted line also denotes
the ratio of the extinction strain rate for the lower branch to the extinction strain rate of
the pure homogeneous combustion without catalytic surface. Both curves are plotted as
a function of the equivalence ratio under the same conditions in Fig. 2.10. When ¢ is
less than 0.6, theratio is nearly 1, implying the surface reaction hardly affects the overall
extinction strain rate. These results suggest that surface reaction depends largely on the
intermediate hydrocarbon radicals generated by the gas-phase reaction. On the contrary,

the concentration of oxidizer does not have a significant effect on the surface reaction.

2.2.3 Effectsof heat loss

We next examine the effects of conductive heat |oss to the catalytic surface. Figure 2.12
shows the maximum temperature versus strain rate for ¢ = 0.8 and various heat conduc-
tivity k. As expected, alarger value of k results in reduced extinction strain rates for both
upper and lower branches due to the increased heat loss. It is of interest to note that, while
the gas-phase extinction temperature is reduced with an increase heat loss, the minimum
surface reaction temperature for the surface reaction branch remains almost constant for
different heat losses. This contrasts the results in Fig. 2.10 where the extinction tempera-
ture varies significantly with the equivalence ratio, suggesting that the surface reactions are
highly chemistry-controlled.

Another notable observation in Fig. 2.12 is that, as heat |0ss increases, the separation
between the gas-phase branch and the surface reaction branch becomes larger, eventually
leading to an island of the response in the surface chemistry-dominant regime that is sep-
arated from the upper branch gas-phase combustion regime. The low strain rate extinction

of the surface reaction regime is believed to be due to the lack of intermediate reactants
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supplied from the gas phase reaction. This behavior resembles the low-stretch extinction
of flames in the presence of radiative heat loss [55], and it is interesting to find a similar
response in a surface-dominant reaction system.

Figure 2.13 shows a similar temperature response with an addition of heat to the cat-
alytic surface. This case may represent a practical situation where the micro-combustor is
sustained by an external heating mechanism. The results show that the basi ¢ two-branch be-
havior is maintained over awide range of heat fluxes, while the curve is shifted to increase
the extinction strain rate. Again, the gas-phase extinction temperature shows a moderate
sensitivity to the amount of heat flux, while the surface reaction extinction temperature
remains almost constant, further demonstrating the chemical dominance of the catalytic

combustion.

2.2.4 Parametric mapping of combustion regimes

In the previous sections, we observed different characteristics of the steady combustion
temperature versus the strain rate. In addition to the fact that the surface reaction can in
genera extend the extinction limit, the observations based on extensive parametric calcula-
tions are summarized asfollows: (&) Two distinct stable combustion branches appear when
there exists a finite amount of surface heat loss. The upper branch is primarily governed
by the gas-phase flames, while the lower branch is dictated by the surface reaction; (b)
There exists an optimal equivalence ratio to observe these two distinct branches, and the
gas-phase branch vanishes for leaner or richer mixture; (c) For arich mixture (¢ > 1.2) the
surface reaction is so intense that no strain-induced extinction is observed; (d) For an ap-
propriate equivalence ratio, the presence of two distinct branches become more pronounced
asthe heat lossisincreased. At larger heat |osses, the two branches separate out to form an
isolated surface reaction response curve, exhibiting dual extinction behavior.

The equivalence ratio and heat 10ss have been the two major parameters in the present

investigation. More extensive calculations have been performed to characterize the com-
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bustion response with various combinations of the two parameters, and the results are plot-
ted in Fig. 2.14. For al equivalence ratios, the system is found completely non-reactive if
the surface heat loss is sufficiently large. The three regimes denote that the flame temper-
ature versus strain rate response shows two isolated branches (1), a continuous curve with
two distinct branches (I1), and a monotonic response dominated by surface reaction (I11).
Such a parametric map can serve as a useful guidance in understanding the fundamental

combustion characteristics inside a micro-combustor.

2.3 Conclusions

A computational study has been performed on a steady stagnation-point flow combustor
with a catalytic surface. Premixed methane-air gas reacting on a platinum surface was
investigated with detailed gas-phase and surface chemistry.

A main focus of the present work was to identify and characterize the strain-induced
extinction limits over a range of physical parameters. An estimate of the characteristic
chemical times based on the methane consumption rate confirms that the surface reaction
has a significantly shorter characteristic time scales, thereby sustaining reaction at lower
flow residence times.

The steady results showed that catalytic reaction can largely extend the extinction limit,
while suppressing the gas phase reaction at lower strain rates. It was also found that the
extension of the catalytic reaction quenching limit is highly sensitive to the mixture com-
position, suggesting the dominance of chemical aspects in catalytic combustion. The tem-
perature versus strain rate response curves exhibit multiple branches of stable solutions,
implying a possibility of hysteresis behavior in a coupled homogeneous-heterogeneous re-
actor. Characteristics of combustion behavior in each branch have been examined by the
reaction zone structures.

Finally, three distinct steady combustion regimes have been identified in terms of the

mixture equivalence ratio and heat loss. a surface-dominant monotonic response, contin-
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uous two-branch response, and separated response showing an isolated surface-reaction
island. This parametric mapping will be useful in identifying the operating conditions
and combustion characteristics of micro-combustors. Further consideration of combustion
response to unsteady strain rate, mixture composition, and substrate temperature will be

undertaken in future studies.
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Chapter 3

Effects of Dilution on the Extinction
Characteristics of Strained L ean Premixed

Flames Assisted by Catalytic Reaction

Combustion performance and extinction due to large strain rate with different wall heat
condition and equivalence ratio were studied in previous chapter. It has been proved that
catalytic surface reaction can extend extinction strain rate limit largely with proper input
parameters. Temperature versus strain rate curves exhibit multi-branches which indicates
more than one physical status could exist for same input conditions. Three combustor
steady performance regimes with different range of equivalence ratio and wall heat condi-

tion are presented at |ast.

Despite strainrate, extinction dueto lean equivalenceratio isstudied in thischapter. Not
like in previous chapter, both steady and unsteady environmental parameters are adopted
here. Steady extinction lean limitistested first. Periodic vibrating inlet equivalenceratiois
then applied to test the catalytic reaction’s ability to extend dynamic lean extinction limit.
Vibrating strain rate input is also applied to validate the conclusion that benefits of catalytic
reaction is caused by different characteristic reaction time scale between gas phase and
surface catalytic reaction. Nitrogen dilution is proved to be able to enlarge reaction time

scale discrepancy between gas phase and catalytic reaction further in this chapter.
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3.1 Model Description

As shown in Fig. 2.1, the computational configuration is a stagnation-point flow where
a mixture of methane and oxidizer is injected onto a platinum surface, forming a flame
either in the flow field or on the catalytic surface. One-dimensional similarity formulation
is derived with full consideration of detailed surface [22] and gas-phase [56] chemical
kinetic models. The adopted surface mechanism has been validated for ignition behavior in
both rich and lean conditions, and extinction under lean cases [22, 57]. Due to the lack of
thermodynamic data for surface species, however, there may be some inconsistencies when
the mechanism is used outside the conditions at which it was designed and tested. Since
the present study explores mostly lean to near-stoichiometric conditions, the qualitative
behavior and major findings of the study are expected to be valid.

Asinour previous study [ 58], both steady and unsteady computations are performed by
amodified version of OPUS [45] to incorporate solid wall and surface chemistry. A fixed
zonal grid refinement is applied to provide sufficient resolution in the reaction zone near
the solid surface. For al calculations, theinlet gas temperature and pressureis fixed at 300
K and 1 atm, respectively. The distance between the inlet and the catalytic surface is L =
0.5cm.

One of the mainissuesin this study isthe effects of dilution on the separation of charac-
teristic time scalesfor gas-phase and surface reactions. For this purpose, additional nitrogen
is mixed into the air, measured by its mole fraction. For example, 10% nitrogen addition
indicates that 0.1 mole nitrogen is added to 1 mole of air.

To study unsteady flame response, the reactant composition and flow strain rate are

varied in time according to the following equations:

Uso(t) = Uso (0)[1 — B(1 — cos (27 ft))], (3.1)

Xcn, (t) = Xcn, (0)[1 - A(l — CO8 (27Tft))L (32
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where U, is the axial velocity at the nozzle exit and X is the mole fraction. The strain
rate isthen defined as the nominal velocity gradient, S = U, /(2L), dueto the difficulty in

defining the actual velocity gradient when the reaction occurs on the surface [58].

3.2 Reaultsand Discussion

3.2.1 Steady response: effects of dilution

A baseline study of the flame structure and species profilesin responseto the addition of the
surface reaction has been investigated in our previouswork [58]. In this chapter, the steady
flame behavior subjected to reactant mixture dilution is first investigated, as an attempt
to assess the effect of surface chemistry on extending the lean extinction limit at various
level of gas mixture dilution. In general, it is anticipated that dilution lowers temperature
and hence the reaction rate, such that the flame extinction occurs at a higher equivalence
ratio. It is of interest to examine whether this effect applies to both homogeneous and
heterogeneous reactions at a comparable level.

Figure 3.1 shows the maximum reaction zone temperature as a function of the mixture
equivalence ratio for various nitrogen dilution levels, each case with and without surface
reaction. For all the calculations, the strain rate was fixed at 277 s and the surface was
considered adiabatic. The results for al cases show that the maximum temperature de-
creases as the equivalence ratio is reduced, eventually reaching the lean extinction limit.
For the results with surface reactions, it is clearly seen that an increased amount of dilution
lowers the reactivity such that extinction occurs at higher equivalence ratio. An important
observation here isthat the disparity between the lean extinction limit of homogeneous and
heterogeneous combustion becomes larger as the level of dilution isincreased. For exam-
ple, in 0% dilution case the extinction limit for the homogeneous reaction islower than that
for the heterogeneous case. With 13% dilution, however, the heterogeneous combustion

shows a much wider flammable range of the equivalence ratio. Thisimplies that the sen-
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Figure 3.1: Maximum temperature as a function of the equivalence ratio for various levels
of nitrogen dilution for adiabatic surface. Lines without symbols: without surface reac-
tions. Lines with symbols: with surface reactions.

gitivity in the reduction of the characteristic reaction time scales to the mixture dilution is
different between homogeneous and heterogeneous combustion processes. Therefore, itis
expected that the benefit of flammability limit extension by catalytic reaction is greater as
the reactant mixture ismore diluted. This behavior was found to be qualitatively consistent

for other values of the strain rate.

More extensive cal cul ations were performed to determine the extinction limit extension

over arange of nitrogen dilution. In addition to the adiabatic wall considered in the above,
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we have also considered the cases where the catalytic surface is subjected to heat loss or
heat addition. Heat loss from the surface is modeled by a general form: ¢ = h(Tsus —
To), where Tj is the ambient temperature set at 300 K, and 4 is the effective heat transfer
coefficient accounting for the associated conductive and conductive modes. In this study,
h = 4 W/m?-K is used. For the heated surface case, a net power of 10* W/m? is supplied

to the substrate.

Figure 3.2 is plot of lean extinction limits as a function of the nitrogen dilution for
various thermal conditions on the surface. For all surface conditions with zero dilution,
it is interesting to note that catalytic reaction results in higher lean extinction limit. In
other words, catalytic reaction actually leads to a narrower flammable range. The benefit
of flammability extension by surface chemistry occurs only with nitrogen dilution of ap-
proximately 5% and above, and the level of extension continues to increase as the level
of dilution increases. This behavior is attributed to the fact that, at such lean conditions,
the addition of catalytic surface scavenges radicals generated from the gas-phase reactions,
hence attenuating the overall reactivity of the system. This results provide an important
practical implication that the use of surface reaction in a lean premixed micro-combustor
may be applicable only with a significant level of dilution, which is rather a desirable fea-

ture for the purpose of achieving low temperature combustion.

Figure 3.2 also demonstrates that, while heat loss or heat supply on the surface can
significantly affect the absolute level of the lean extinction limits, the difference between
the homogeneous and heterogeneous extinction limits are largely unaffected by the sur-
face thermal conditions. It is also noted that the crossover point between the homogeneous
and heterogeneous limits, albeit marginally, tends to decrease toward a lower level of di-
lution for the heat addition case. This is because surface reaction can be more effectively

enhanced by heat supply than homogeneous reaction.

The effect of nitrogen dilution is primarily to lower the flame temperature and thereby

lengthening the characteristic chemical time scales relative to the characteristic flow res-
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Table 3.1: Time scales of gas-phase and surface fuel consumption rates for various levels
of dilution.

0% N, 9% N, 13% N,
7, | 1.365x1071s | 2.076x10~*s | 2.490x10~*s
7. | 9201x107%s | 8.696x107%s | 8.637x 10 s
Ty/Ts 14.8 23.9 28.8

idence time. It is apparent that this effect is more pronounced in the gas-phase than on
the surface. To verify this observation, the characteristic chemical time scales for the gas-
phase and surface chemistry, 7, and 7, respectively, are defined based on the primary fuel

consumption as equations 2.19 and 2.20 [58]

_ Xcu, P
97 Gom, ROT

Xeg, I

s .
SCH4

Y

where the units are in seconds, Xcy, is mole fraction of methane at the nozzle exit, R’
is the universal gas constant, and I' is site density of the surface species. In determining
the reaction rate, scy, for the surface reactions is evaluated at the catalytic surface, while
for the gas-phase reactions the spatial maximum value of wcy, is used. Note that wey,
in Eq. (2.19) and scy, in EQ. (2.20) have different units [58]. The characteristic times are
evaluated at a fixed strain rate of S = 277s™! for the steady initia conditions shown in
Fig. 3.3.

The results for the three dilution cases considered in Fig. 3.1 are summarized in Ta-
ble 3.1. It isfound that the gas-phase reaction time scal es increases with dilution by several
factors, while the surface reaction time scale remains almost the same. This confirms that

the gas-phase reaction is more sensitive to dilution than surface reaction.
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3.2.2 Unsteady responseto oscillatory strain rate

The effect of dilution on the chemical time scales has an additional implication in unsteady
flame response. As reported in a number of previous studies[30, 33, 51], flames subjected
to unsteady flow perturbation behave as a low-pass filter; the flame response becomes at-
tenuated as the frequency of the external perturbation increases. In this case, the cut-off
frequency beyond which the flame no longer responds to unsteady fluctuation depends on

the characteristic time scale of the relevant chemical reactions.

The above consideration is extended to a system in the presence of heterogeneous com-
bustion. A steady flame is now subjected to an oscillatory strain rate by imposing a sinu-
soidal velocity fluctuation as given by Eq. (3.1) for various frequencies. For these calcula-
tions, the equivalenceratio isfixed at ¢ = 0.8(A = 0), and the initial strain rate isfixed at
S(0) = 277 s~* with B = 0.1. The surface is considered adiabatic so that the maximum
temperature always occurs at the surface for both catalytic or non-catalytic cases. To show
the effect of dilution clearly, the 0% dilution case is compared to the 18% dilution case,

which was the maximum value before extinction.

Figure 3.3 shows the amplitude of the maximum temperature oscillation, AT, in re-
sponse to the unsteady strain rate as a function of frequency. For each case, AT is nor-
malized by the quasi-steady value (f — 0). As the frequency of oscillation is increased,
the flame temperature response for various conditions become attenuated at different cut-
off frequencies. For either case of dilution, surface reactions have shorter characteristic
time scales, such that the response is less attenuated at higher frequencies. The fact that
the gas-phase reaction time scales are more sensitive to dilution is reflected in Fig. 3.3 in
that the deviation of the two curves between 0% and 18% dilution cases is greater for the
gas-phase than for the surface reaction. All these results are consistent with the discussion

in the previous section.
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3.2.3 Dynamic flammability limit

To further examine the effects of dilution on unsteady flame characteristics, we now study
the unsteady flame response to oscillatory equivalenceratio asgiven by Eq. (3.2). Themain
interest isto identify the extension of lean flammable limit for a given strain rate as afunc-
tion of frequency, following the concept of the dynamic flammability limit, which isdefined
as the minimum instantaneous equivalence ratio during the oscillation without extinction,
introduced by Sankaran and Im [37]. For each frequency, f, we can determine the max-
imum allowable amplitude of oscillation, A, beyond which the flame extinguishes. This
implies that the dynamic flammability limit is a function of frequency for the given strain
rate, surface thermal condition, and theinitial equivalence ratio. We attempt to conduct an
analysisto asystem in the presence of heterogeneous combustion, with an emphasis on the
effects of nitrogen dilution, heat loss, and the frequency of the equivalenceratio oscillation.

The flame responseswith and without catal ytic reaction are compared under three cases:
(a) 0% dilution without heat loss, (b) 13% dilution without heat loss, and (c) 13% dilution
with heat loss. Following Eq. (3.2), the initial condition, Xy, (0), as been set such that
the equivalence ratio, ¢ = 2X ¢, (0)/X0,(0), is0.68, 0.76, and 0.80 for cases (a) to (c),
respectively. For all cases, the strain rateis set to 277 s*.

Figures 3.4(a) to (c) showsthe limit-cycle behavior of the maximum flame response for
various frequencies of oscillation in ¢g..,.., Which is determined at the upstream flame base
at T = 302 K. Since the amplitude of ¢g..,. Was taken to be the maximum without quench-
ing the flame, the minimum equivalence ratio reached during the limit cycle is considered
the dynamic flammability limit for a given frequency condition. Comparing Figs. 3.4(a)
and (b), it is clear that the diluted case shows a greater extension of the lean flammability
limit by adding the surface reaction; not only is the steady flammability limit further ex-
tended to a leaner condition, but the additional unsteady extension for the same frequency
isalso greater with surface reaction. Thisis attributed to the fact that the surface reactionis

faster and thus can respond to the imposed oscillation more rapidly. Moreover, the surface
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reaction case undergoes a larger excursion in the flame strength, hence there is a larger
amount of excess enthalpy during a cycle to sustain combustion at leaner conditions. Simi-
lar behavior isalso observed in Fig. 3.4(c) in the presence of heat |oss, although the overall
flammability limits are relatively higher than those in (b). As discussed in Fig. 3.2, the
amount of flammability extension due to surface reaction is found to be rather insensitive
to the surface thermal condition even considering unsteady situations.

To summarize the unsteady characteristics, it is of interest to compare the dynamic
flammability extension between the cases with and without surface reaction, denoted by
Ags and Ag,, respectively. Here A¢ is defined as the maximum flammability exten-
sion compared to the steady limit for a given frequency. Figure 3.5 shows the difference,
Ags — Ag¢gy, asafunction of frequency for the three cases shown in Fig. 3.4. Note that the
increase in the curve with frequency indicates that the additional dynamic flammability ex-
tension due to surface reaction becomes greater as frequency increases. In other words, the
benefit of surface reaction in extending flammability isgreater for alarger level of unsteadi-
ness. For 0% dilution, the curvesfall into an negative region for frequencies above 200 Hz
due to the fact that surface reaction acts negatively on the system flammability. However,
there is areversal in the curve at low frequencies below 200 Hz resulting in flammability
enhancement by surface reaction even with 0% dilution. Therefore, the benefit of catalytic
flammability extension is found to be greater with dilution, while the difference between

the cases with and without heat loss appears to be insignificant.

3.3 Conclusions

In this chapter, steady and unsteady extinction characteristics of a stagnation-point flow
combustor were analyzed with both homogeneous (methane-air) and heterogeneous (plat-
inum) reactions considered. One of the key aspects of the study was the effect of mixture
dilution on the aspects of flammability extension. For the system under study, it was found

that surface reactions actually attenuates the range of lean flammability limit due to their
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effect of radical scavenging. The benefit of catalytic reactions can indeed occur and it
increases with additional dilution in the gas mixture, which is a desirable aspect in achiev-
ing low temperature combustion for micro-combustor application. While the surface heat
loss expectedly lowers the overall flammability of the system, it was found that the level
of flammability extension by surface reactions is rather insensitive to the surface thermal
conditions.

Unsteady extinction behavior in responseto oscillatory strain rate and equivalenceratio
fluctuations showed overall consistent trend expected from the steady results. The overal
flame response becomes attenuated as the frequency of oscillation increases, and the cut-
off frequency depends on the characteristic time scales of the dominant chemical reactions.
It was also found that the benefit of flammability extension by catalytic reactions can be
greater as the level of unsteadiness increases. These results can provide insights into the

development of robust micro-combustion devices.
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Chapter 4

Experimental Validation

The computational studies in Chapters 2 and 3 demonstrated that the flammability and
extinction limits can be extended in the presence of catalytic reaction. It was found that
the flammability extension is more pronounced when nitrogen is added into the system
as a diluent gas. These observations were explained based on the relative characteristic
time scales of the gas-phase and surface reactions; the scale disparity becomes larger with

dilution of mixture.

While the computational model allows systematic analysis of the extinction character-
istics over a wide range of parameters, whether the observed behavior can be consistently
reproduced in real devices must be validated. In particular, the computational studiesin
the previous chapters employed a prescribed heat transfer coefficient which may be dif-
ferent from practical conditions. Therefore, in this chapter we conduct calculations and
validate against experimental measurements, with an attempt to match the heat loss effects

asclosely aspossible.

The experimental work was undertaken as a collaborative effort by James Wiswall and
Professor Margaret Wooldridge at the University of Michigan. Experiments were carried
out with similar parameters range as in previous numerical results. Details of the exper-
imental set-up and experimental procedure can be found in Ref.  [5], which is briefly

summarized in the following section.

51



4.1 Experimental Configuration

The schematic of the experimental configuration is shown in Fig. 1.3. Fuel, oxygen and
nitrogen were conducted to a mixing tank to produce the premixed reactant. Rotameters
of individual gas tanks are used to control the flow rate as well as the mixture equivalence
ratio. Extranitrogen was introduced through a co-flow tube outside the nozzle exit to create
a boundary layer preventing reactant mixing with environmental air. Flow rate of co-flow
nitrogen was aso controlled by rotameter to suppress mixture parabolic velocity profile
which could induce flame edge curve. A silicon wafer coated with Platinum was used as
stagnation plane for catalytic cases and another exactly same bare silicon wafer served as
stagnation plane of noncatalytic cases. Thermocouples were embedded into center of both
sides of substrate to measure temperature [5]. Velocity can be measured from postprocess-
ing of PIV dataasin Figure 4.1.

The experimental measurement uncertainties are found to be +4 cm/s for the average
nozzle velocity, —0.04 to 0.02 for the extinction equivalence ratio, and +5 K for the tem-

perature.

4.2 Model Adjustment

Figures 4.2 and 4.3 show the comparison between numerical and experimental results of
the axial velocity profile along the centerline between the stagnation plane and the nozzle
exit, with and without the flame, respectively. The discrete symbols in the figures which
represent experimental results are postprocessing data from PIV measurement. The ex-
perimental velocity profile behaves consistently with the numerical data, but there exists a
wide range of plateau region near the nozzle. This s attributed to the multi-dimensional
effect present in the experimental system when the flow is far from the stagnation plane.
Since the key parameter to compare the results are the strain rate (which is determined by

the velocity gradient at the flame or at the stagnation plane), for consistent validation the
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Figure 4.1: PIV image of flow velocity vector [5].
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effective nozzle distance is defined as the distance from the stagnation plane to the location
where the velocity starts to drop monotonically up to 5% of the peak value (10 mm from
stagnation plane). The global strain rate for the experimental condition is determined based

on the nozzle exit velocity and the effective nozzle distance.

Another major difficulty in cross-validation is to estimate the heat |oss effect properly.
Parameters such as substrate wall thickness (fixed as 1.27 cm), flow velocity and equiv-
alence ratio can be easily measured and incorporated in the model. However, the heat

conductivity (k) and radiation emissivity (¢) of the material vary with temperatureand it is
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difficult to estimate proper values for k& and ¢ separately. A trial-and-error approach was
attempted by increasing the conductivity from zero until the modeled surface temperature
reaches experimental condition. Unfortunately, the lowest simulated surface temperature at
extinction was found to be always several hundred degrees (K) higher than the experimental
results.

To reconcile this problem, the actual experimental measurements over a wide range
of conditions were compiled and curve-fitted to extract the redlistic heat transfer parame-
ters. For each experiment case, temperature was measured at the stagnation plane and at
the substrate backside. The calculation was then performed at the matched nozzle strain
rate and equivalence ratio. By trial and error, the computation was then conducted with a
guessed value of the heat transfer parameter until the computed stagnation plane temper-
ature matches with the measured value. To minimize the number of free parameters, the
radiative heat transfer effect waslumped into the effective conductivity k., while alowing
that . s ; depends on temperature aswell asthe strain rate. For simplicity, the backside tem-
perature in calculation was set to 300K in determining k.. In other words, k. ;; does not
represent conductivity of any realistic solid material, but it rather emulates the net amount
of heat |oss.

Figures 4.4 and 4.5 show the measured temperature values and the resulting k. s over
awide range of conditions with non-catalytic and catalytic conditions, respectively. For a
given strain rate condition, k., tends to increase with the surface temperature, implying
the increased radiative heat |oss. Furthermore, . s, appears to decrease asthe strain rate is
increased. Based on these observations, within the narrow range of parameter conditions

considered, afunctional form for k. is suggested in the following form:

kepr = (a1U 4 b1) Toury + (a2U + by) (4.1)

where the units for effective heat conductivity k., average nozzle velocity U, and stagna-

tion plane temperature 7, ; are W/m-K, m/s, and K, respectively. The resulting constants
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are
a; = —2.625E-1, by = 2.038E-1, as = 1.441E+2, by, = —1.084E+2
for the noncatalytic surface and
a; = —2.702E-1, by = 2.176E-1, ay = 1.474E+2, by = —1.169E+2
for the catalytic surface. As will be discussed later, it was necessary to derive a distinct
curve fit for noncatalytic and catalytic surfaces in order to reproduce the experimental re-
sults. Thisis attributed to the fact that the surface radiative properties differ significantly
between the noncatalytic (bare silicon) and the catalytic (platinum) surface. A family of
fitted lines following equation 4.1 are shown in Figures 4.4 and 4.5. Equation 4.1 was

adopted for subsequent simulations discussed in the next section.

4.3 Resultsand Discussion

4.3.1 Comparison with Experiment

Using equation 4.1 in the ssimulation, calculations were performed for various strain rate
conditions. For a given strain rate, the extinction equivalence ratio limit was identified by
gradually decreasing the equivalence ratio until the flame extinction was observed. The
computational results are then compared against experiment in terms of the stagnation
plane temperature and the extinction equivalence ratio for different nozzle velocities.
Figure 4.6 shows both predicted and measured stagnation plane temperature. The level
of agreement is good, with the relative errors within 10%. Thisis expected from the use of
k. fitted from the experimental data set. Furthermore, the two different sets of constants
used for the noncatalytic and catalytic conditions yielded different surface temperature at
the same strain rate conditions. While the surface temperature prediction appears rea-
sonable, however, the comparison of predicted and measured extinction equivalence ratio
shown in Fig. 4.7 does not yield the same level of agreement. Although the experiment

tends to indicate that the extinction equivalence ratio becomes lower for the catalytic sur-
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face cases, hence suggesting that there exists a slight benefit in flammability extension by
the use of catalytic surface, computational results revealed no discernable differences, de-
spite the differences in the surface temperature between the two cases. These resultsimply
that the differences in the surface temperature observed in the experiment was primarily
due to the differences in the surface heat loss property, most likely the radiative property
resulting from the two distinct surface materials. To demonstrate this further, equation 4.1
with averaged constants is adopoted to calculate heat loss for both catalytic and noncat-
alytic cases. Effect of distinct surface materials is eliminated numerically by doing this.
Figure 4.8 shows extinction temperatures are same for catalytic and noncatalytic cases if
their heat |oss equation are same. Figure 4.7 suggests that no significant catalytic reaction
existed under the conditions considered in the experiment. Thisis primarily due to the fact
that the surface temperature was too low due to the large amount of heat loss, such that all
the conditions were not ripe to activate catalytic reaction.

To explore the high surface temperature conditions in which the catalytic reactions are
active, the experimental set-up iscurrently being modified and additional measurementsare
being taken by the experimental group. In the following, the potential benefit of flamma-

bility extension by catalytic reaction is explored by computational studies only.

4.3.2 Assessment of Flammability Extension

The comparison shown in the previous section provided explanation for the discrepancies
in our earlier studies; while the flammability extension by catalytic reaction was demon-
strated by computational modeling in Chapters 2 and 3, such results were never observed
experimentally. By previous effort in this chapter in estimating real experimental parame-
ters such as nozzle distance and heat loss condition, we are able to simulate experimental
environments with numerical model. Both numerical and experimental results show no
benefits of catalytic reaction. Since the numerical process is exactly the same as in chap-

ters 2 and 3 except changed strain rate and heat loss condition, it is safe to conclude the
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absence of catalytic effects as due to improper value of strain rate and heat |oss condition.
Rest part of of this chapter istrying to find a direction that can guide experiment validation
to observe catalytic effects. It isfound that catalytic reaction favors larger strain rate and
lower heat loss. When heat |oss hits some critical values (this value changes with strain
rate), catalytic reaction will betriggered. Asstrain rate increasing and heat |oss decreasing,
benefits of catalytic reaction will be more and more obvious. Tremendous computational
trial and error is required to find that critical heat loss value since it changes with strain
rate. Here only two strain rates and two heat loss conditions are tried to demonstrate the
conclusion that if we want to see catalytic effects in the experiments, we should increase
strainrate or lower heat loss. Finding the critical trigging parameters could remain asfuture

work.

Figures 4.9, 4.10, 4.11, 4.12, show extinction equivalence ratio and stagnation plane
temperature for various surface reaction condition, nitrogen dilution, global strain rate and
heat loss amount. Substrate backside temperature isfixed at 565 K whichisat the same or-
der as measured in experiments for these plots. By doing this, the fixed heat |oss condition
for Fig. 4.10, 4.12, is 7.874W/m?* — K which is a reasonable value for natural convec-
tion. On the contrary, if 300 K backside temperature is used as in previous part, a much
lower h has to be applied to produce the same heat |0oss amount which makes the heat |oss

parameter value abnormal.

In all these plots, catalytic and noncatalytic cases show obvious differences in both
temperature and equivalence ratio. This means catalytic surface reaction is effective in
the applied thermal boundary condition. Comparing adiabatic wall with heat loss wall for
lower strain rate, extinction equivalenceratio of heat losswall is obviously higher than that
of adiabatic wall (Fig. 4.9, 4.10). Dilution makes both catalytic and noncatalytic extinction
equivalence ratio higher but catalytic reaction starts to show benefits (cross over point of
catalytic and noncatalytic linesin Fig. 4.9, 4.10) at alower nitrogen dilution percentage for

heat loss wall. These observations are also true for plots of higher strain rate. It has been
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approved nitrogen dilution lowers both surface and gas phase reaction speed but affects the
speed of gas phase reaction more [59]. However from current observations, that effect is
more obvious for heat loss wall than for adiabatic wall. Comparing corresponding plots
for lower and higher strain rate, extinction equivalence ratio of lower strain rate is lower
than that of higher strain rate (Fig. 4.9, 4.11 and Fig. 4.10, 4.12). Thisis not surprising
since lower strain rate is assumed to resist extinction better. Catalytic reaction starts to
show benefits at a lower dilution percentage for higher strain rate. The conclusionisitis
easier to see catalytic reaction’s advantage over noncatalytic reaction with heat loss wall

and larger strain rate.

4.4 Conclusions

In this chapter, numerical model was refined with adjustment in various physical param-
eters in order to reproduce experimental measurement data. The experimental results had
shown that no discernable benefit of flammability extension was observed by the addition
of catalytic surface. The numerical results confirmed that thisis due to large wall heat loss
which suppressed surface reaction. The level of differences in the surface temperature at
extinction between the catalytic and noncatalytic cases is attributed to the different heat
transfer properties on the bare silicon and platinum surfaces. Based on this observation,
additional computational experiments were conducted to identify proper parametric range
in which a clear catalytic flammability extension can be observed. In principle, this can be
achieved at lower surface temperature and higher strain rate, both of which are expected to

increase the disparity between the surface and gas-phase reaction time scales.
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Figure 4.9: Extinction equivaence ratio from numerical results for catalytic/noncatalytic
surface condition. Average nozzle velocity 74.4 cm/s, adiabatic wall.
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Figure 4.10: Extinction equivalence ratio from numerical results for catalytic/noncatalytic
surface condition. Average nozzle velocity 74.4 cm/s, heat loss condition h = k/§ =
7.874W/m?* — K.
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Figure 4.11: Extinction equivalence ratio from numerical results for catalytic/noncatalytic
surface condition. Average nozzle velocity 138.6 cm/s, adiabatic wall.
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Figure 4.12: Extinction equivalence ratio from numerical results for catalytic/noncatalytic
surface condition. Average nozzle velocity 138.6 cm/s, heat loss condition h = k/§ =
7.874W/m?* — K.
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Chapter 5

Flame Propagation and Extinction in a Narrow

Channel

In this chapter, additional aspects relevant in development of micro-combustor are ad-
dressed, namely the gas-phase combustion characteristics within a narrow channel sub-
jected to alarge amount of heat loss. Adopting a canonical two-dimensional channel with
conductive wall heat losses, the main objective of this study is to investigate the effects of
wall heat |oss on the shape of the premixed flame and the subsequent overall flame propa-
gation speed. Flame Extinction condition is also investigated. All numerical resultsin this
chapter are pure gas phase without introduction of surface catalytic reaction. Consideration

of reactive channel wallsisleft for future work.

5.1 Numerical Model and Computational Condition

In this chapter, flame propagation and extinction behavior in different sized micro-scale
plane channels are ssimulated by the high-fidelity reacting flow code employed in the study
by Yoo and Im [60]. The code is afully compressible Navier-Stokes solver coupled with
an integrator for detailed chemistry, and is based on high-order finite differencing [61],
high-order explicit Runge-Kutta time integration [62, 63], and a CHEMKIN-compatible

description of gas-phase chemical kinetics[64].
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A freely-propagating premixed flame within a narrow channel was considered. A two-
dimensional rectangular domain with a channel length of 5 to 10 mm was used depending
on the conditions, in order to ensure that the flame behavior is unaffected by the inflow and
outflow boundaries. The width of channel was set at 2 mm and 0.7 mm which is approx-
imately the quenching distance for hydrogen flames. The grid size was approximately 16
microns with further refinement in the transverse direction as needed to ensure sufficient
grid resolution. A detailed reaction mechanism for hydrogen-air flames [65] was used in
the ssmulation. For theinitial condition, a one-dimensional premixed flame sol ution, gener-
ated from the Premix code [66], was uniformly mapped onto the two-dimensional domain
astheinitial condition. Note that, even for a flame that is propagating freely into a quies-
cent upstream, heat release generates a flow field behind the flame which must also satisfy
the no-dlip condition at the wall. Consequently, the downstream velocity distribution was
modified into the parabolic profile in the transverse direction. Furthermore, to retain the
flame within the computational domain during the calculation, a Galilean transformation
was applied such that auniform inflow velocity isimposed at the inlet boundary. Figure 5.1
shows the schematic of the transformation as well as theinitial post-flame velocity profile.
Since the flame speed is not known prior to the simulation, an iterative process was used to
update the inflow velocity at each time step to the instantaneous bulk flame speed. A steady

state solution is obtained through the process, which is then used for further analysis.

The composition is fixed at the inflow boundary and the improved Navier-Stokes char-
acteristic boundary conditions developed by Yoo et al. [60, 67] were employed for the
outflow and solid wall boundaries. As for the thermal boundary conditions, the heat loss

through the wall was modeled by computing the heat flux as

q = h(T; - Tout) (51)

where T,,; was set at 300 K and the effective heat transfer coefficient h was prescribed.
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Figure 5.1: Schematic diagram of how Galilean transformation for velocity works.

The inner wall temperature 7T;,, was determined as part of the solution.
The main objectives of this study are to examine the effects of different level of wall

heat |0ss conditions on the flame shape and the resulting bulk flame speed.

5.2 Resaultsand Discussion

5.2.1 Effectsof heat lossand mixture composition on the flame shape

Figure 5.2 shows the steady state solution for the heat release iso-contours for flames with
various heat |oss conditions. For the adiabatic wall condition, the flame curvature is deter-
mined by the pressure difference induced by the flame-generated vorticity along with the
parabolic velocity profile due to the solid wall. A tulip flame shape is obtained only in
the adiabatic wall condition. In the presence of wall heat loss; however, the flame speed
near the wall is reduced due to heat loss, such that the flame curvature changes to a convex
center to the upstream. Asthe level of heat lossis increased, local quenching of the flame
near the wall is observed (Fig. 5.2(d)).

To investigate the effect of mixture composition, Fig. 5.3 shows the flame shape change

72



E. . T, - . E. . L L ; l P
%2 0.25 0.3 0.35 0.4 0.5 0.55 0.6 0.65
X (cm) x (cm)

(€) h=10e — IW/m? — K (d)h =32e —9W/m? — K
Figure 5.2: Flame shape change with heat lossin 2 mm channel, H2/air at ¢ = 0.5.
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with equivalence ratio in 2 mm channel for afixed heat loss coefficient. It is obvious that
the negative curvature (tulip flame) in the flame center reemerges asthe equivalenceratiois
increased, due to the enhanced flame-generated vortices. Therefore, there appear to be two
competing effects to modify the flame shape in the narrow channel: the viscous friction on
the wall coupled with flame-generated vortices versus the flame weakening near the wall
due to heat loss.

Fig. 5.4 is a counterpart of Fig. 5.3 for 0.7 mm channel. Similar flame curvature in
flame center is not observed in same parameter range. Thisis because heat |ossin narrower
channel is more important than in wider channel that equivalence ratio effect is not large

enough to balance the heat loss effect.

5.2.2 Flame propagation speed change

Fig. 5.5 shows flame propagation speed as a function of equivalence ratio (Fig. 5.5 (@) or
heat lossamount Fig. 5.5 (b)) in 2 mm channel. Flame speed increases unsurprisingly with
increasing ¢ while increases slightly with increasing heat |oss coefficient abnormally.

Fig. 5.6 is similar to Fig. 5.5 except it is for a 0.7 mm channel. From Fig. 5.6 (a),
the flame speed for the two h values does not change a lot. Though the flame speed with
h = 32e — 9W/m? — K asin Fig. 5.5 is not presented, it is expected that flame speed for
h = 32e—9W/m? — K will besimilarto h = 40e —9W/m? — K and h = 50e —9W/m?* —
K. Comparing Fig. 5.5 (a) with Fig. 5.6 (a), it is observed that flame speed in narrower
channel is lower than that in wider channel at same ¢ and h. This observation enforced
the conclusion that the heat loss in a narrower channel is more important than in a wider
channel. Fig. 5.6 (b) shows the flame speed increases slightly with heat loss for two higher
equivalence (¢=0.57 and 0.60) ratios but decreases slightly for the lower equivalence ratio
(¢=0.54) in 0.7 mm channel. Combine this observation with Fig. 5.5 (b). Since it has
been concluded that the higher equivalence ratio and wider channel help the system to

resist extinction due to heat loss, another conclusion can be made that the flame speed of
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systemswith higher ability to resist extinction could increase with heat loss abnormally. Or
it can be stated that the heat 1oss coefficient 2 must be large enough to balance the effect of
equivalence ratio and channel width to see the speed reduction due to heat loss.

Fig. 5.7 shows the flame extinction equivalence ratio with different heat lossin a 2mm
and 0.7mm channel. The flame extinction equivalenceratio is not sensitive to this heat loss
range but is sensitive to channel width. This conclusion might be different if the heat loss
amount isincreased largely. However, the code cannot capture the severe flow field change
due to heat loss at the initia stage if 7 is larger than 50e — 9W/m? — K with the current

grid resolution. Larger resolution is not tractable for the current computer resources.

5.3 Conclusions

The velocity gradient induced pressure and heat loss through the channel wall are two
competitive factors that determine flame shape. The first factor is strengthened by alarger
equivalence ratio and the second factor is strengthened by alarger heat loss. However this
observation is not obvious in the 0.7mm channel because the heat loss is more important
in a narrower channel and the effect of equivalence ratio has been suppressed in that heat
loss range. The flame is attached to the wall and heat release contour lines are vertical to
the surface for the adiabatic wall. On the contrary, the flame is detached and contour lines
could be parallel near to surface if the wall heat lossis large enough.

The flame speed increases with equivalence ratio and could increase or decrease with
heat loss depending on the system’s ability to resist extinction. Flame speed in a narrow
channel islower than in awider channel for same ¢ and h which isnormal since heat loss
effect is more important for narrower channel.

The extinction equivalence ratio is not sensitive to the heat loss coefficient /4 in our
parameter range but changes obviously with channel width. The first observation could be
because the h value is not large enough. For the 2 mm channel, the extinction ¢ is 0.34.

For the 0.7 mm channel, the extinction ¢ is 0.53.
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Chapter 6

Conclusions

The Combustion process and extinction limit related with micro-combustor are studied in
this dissertation. Stagnation-point flow and channel flow models are applied as numerical
models. Experimental analysis was performed on the stagnation-point flow model. Due
to the large surface to volume ratio of micro-sized combustors, heat |oss through a com-
bustor wall is the key factor that was paid attention to. Other parametric inputs include
strain rate, equivalence ratio and nitrogen dilution. The whole study provides insights into
performance optimization and combustion stability of micro-combustors. The following

summarize the conclusions of this study.

The strain rate extinction limit is extended by involving catalytic reaction Strain-induced
extinction limitsover arange of physical parameters are analyzed using a stagnation-
point flow model. An estimate of the characteristic chemical times based on the
methane consumption rate confirms that the surface reaction has significantly shorter
characteristic time scales, thereby sustaining reaction at lower flow residence times.
The steady results showed that catalytic reaction can largely extend the extinction
limit, while suppressing the gas phase reaction at lower strain rates. It was aso
found that the extension of the catalytic reaction quenching limit is highly sensitive
to the mixture composition, suggesting the dominance of chemical aspects in cat-

alytic combustion.
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Multiple physical solutions caused by catalytic surface reactions In the steady state re-
sults of the stagnation-point flow model, the temperature versus strain rate response
curves exhibit multiple branches of stable solutions, implying a possibility of hys-
teresis behavior in a coupled homogeneous-heterogeneous reactor. The branch with
the higher temperature is dominated by gas phase reactions, partly with a detached
flame and partly with an attached flame. The branch with the lower temperature
is dominated by catalytic surface reactions without a visible flame. Characteristics
of combustion behavior in each branch have been examined by the reaction zone
structures. Different combination of equivalence ratio and heat loss could result in
different branch shapes: a surface-dominant monotonic response, continuous two-
branch response, and separated response showing an isolated surface-reaction island.
Parametric mapping shows distinct regimesin terms of the mixture equivalence ratio

and heat loss.

L ean flammability extension dueto catalytic reactionsin diluted system Despitealarge
strain rate, extinction dueto low equivalenceratio is a so studied. For the stagnation-
point flow system, it was found that surface reactions actually attenuate the range
of lean flammability limit due to their effect of radical scavenging. If the reactant
is diluted with nitrogen properly; however, the catalytic reactions can indeed make
extinction equivalence ratios lower than that of pure gas phase reactions and this ef-
fect is more obvious with additional dilution in the gas mixture. While the surface
heat |oss expectedly lowers the overall flammability of the system, it was found that
the level of flammability extension by surface reactions is rather insensitive to the

surface thermal conditions.

Dynamic lean flammability extension The stagnation-point flow system response to anoscil-
latory strain rate and equivalence ratio fluctuations showed overall consistent trends

expected from the steady results. The overall flame response becomes attenuated as

82



the frequency of strain rate oscillation increases. It was also found that the benefit of
flammability extension by catalytic reactions can be greater as the level of unsteadi-

ness increases when the system is diluted enough.

The experimental heat loss condition istoo largeto activate catalytic reaction Experimenta
analysis was conducted for the stagnation-point flow model by another group while
no similar catalytic effects were found as in numerical data. A meticulous numerical
method is adopted to ssimulate real heat |oss condition in experiments. It isfound that
the reason for no discrepancy was observed experimentally for catalytic and noncat-
alytic reaction is due to large wall heat loss which suppressed surface reaction. The
minor extinction temperature discrepancy between catalytic and noncatalytic cases
observed in experiments is mostly due to surface coating of catalytic material that
changes surface emissivity other than the surface reaction effect. By further numeri-
cal study, itisbelieved that lower heat lossor larger strain rate should makeit possible
to observe catalytic effects in experiments. The triggering heat 10ss condition is ex-
pected to change with strain rate though parametric study is needed to demonstrate
that. When the catalytic reaction is activated, its benefit over gas phase reaction is
more obvious at larger strain rates and larger heat |osses since catalytic reactions are

|ess sensitive to those conditions.

The flame shapein a channel is affected by heat lossand equivalenceratio Inamicro-
channel combustor, the velocity gradient induced pressure and heat loss through the
channel wall are two competitivefactors that determine the flame curvature direction.
The first factor is strengthened by larger equivalence ratios and the second factor is
strengthened by larger heat losses. When they are comparable, the flame curvature

could show adifferent direction at the center and edge.

L ean extinction limit of micro-channel Extinction equivalence ratio is not sensitive to

the heat loss coefficient h in our parameter range, but obviously depends on channel
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width. For a 2 mm channel, the extinction ¢ is 0.34. For a 0.7 mm channel, the

extinction ¢ is 0.53.

6.1 Directionsfor Future Work

Numerical analysishas been donewith two types of micro-combustorsto providedirections
into improving combustor performance, optimize combustor design and show guidance for
experimental analysis. Important observations have been researched carefully and theoret-
ical explanations have been conducted. More analysis could be performed in the future to
make this study more integrated.

It has been found that catalytic reaction needs a triggering heat loss condition in chap-
ter 4. It is expected that this heat loss condition isafunction of strain rate if keeping other
parameters untouched. Parametric studies can be made in the future to find what theheat
loss condition is. Is it a critical surface temperature or a critical heat loss amount or a
nondimensional number which combines several parameters? Its relationship with strain
rate needs to be solved by a large amount of numerical trial and error. Observations in
chapter 3 imply that while dilution attenuate both gas phase and surface reactions, surface
reactions are less sensitive to dilution. That causes the benefits of catalytic reactions to
be more obvious with higher nitrogen dilution levels. In chapter 4, similar observation is
found. While heat |0ss makes the whole system fragile, catalytic reactions are less affected
by it thus the benefits of catalytic reactions over gas phase reactions are more obvious
with larger heat loss. Further numerical sensitivity analysis should be done in the future to
quantitatively demonstrate those conclusions.

Since the study of the micro-channel is in its initial stages and the observations and
conclusions are preliminary, alot of work can be done in the future on this model. It has
been found that the flame speed increases with increasing equivalence ratio and increases
with increasing heat |oss. Those observations should be supplemented by applying multiple

equivalenceratio valuesin heat loss versus flame speed plots and by applying multiple heat
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loss values in equivalence ratio versus flame speed plots. Besides, flame strengthening by
increasing equivalence ratio is expected, but flame speed increasing with larger heat loss
is abnormal. More simulation should be conducted in the future to explain the heat loss
effect on flame speed. Flame shape could also have effect on flame speed, and this could
be analyzed by taking one-dimensional premixed flame speed comparison. The heat 1oss
range is not wide enough in chapter 5 thus the heat loss effect is not obviousin extinction
equivalence ratio which only changes with channel width. Numerical difficulties are en-
countered while heat loss amounts exceed current range due to a severe flow field change
in the transitional stage from the initial field to the field that accommodates the heat |oss.
To solve this problem, a better initial field should be achieved in the future. Otherwise,
grid numbers have to be increased in the boundary to capture the severe changes, and this
will cause a huge consumption in computational resources and time. To take advantage of
channel flow, fuel and oxidizer can be introduced to the channel separately to investigate
effect of diffusion which cannot be conducted with the stagnation-point flow model. An-
other research direction that can be added to the micro-channel flow is to adopt catalytic
reaction on channel wall. Coding issues on coupling gas phase and surface reactions, reac-
tion characteristic time scale differences between gas phase and surface reactions could be
apotential difficulty in achieving a converged solution. If those numerical problems could
be solved in the future, this study will be useful in directing micro-combustor design that

involves channel flow.
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