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Abstract

Combined with the detailed gas phase reaction mechanism, a 2D numerical simulation on the
laminar non-premixed combustion of n-heptane and air inside a micro-tube is undertaken to
investigate the effects of equivalence ratio of the mixture, inlet gas velocity, heat loss at the
wall and size of the combustion chamber, using the modified creslaf model of CHEMKIN.
The results show that, when equivalence ratio is set to 1.2, completely non-premixed
combustion is happened. The highest temperature is obtained when equivalence ratio is set to
0.3, although where the flame is small and combustion is extremely incomplete. Inlet gas
velocity strongly influences the combustion characteristics, such as combustion zone and
flame plume length, while it has no effect on the flame temperature. Coefficient of heat
transfer on chamber outer wall has a great impact on the wall temperature, while it has less
effect on the flame core temperature. The results aso could be seen that in the
micro-combustion, the size of combustor has a big influence on the non-premixed combustion
characteristics. The combustion trends to have some characteristics of premixed combustion
when the size of combustor is reduced to a certain value in laminar flow model.

Keyword: micro-combustion, detailed reaction mechanism, non-premixed combustion,
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1. Introduction

With the recognitions of broad potential applications not only for electrical power but for heat
and mechanical power sources, combustion at micro scale is collecting growing attentions
these days™™®. One of the key factors for the success of micro-power systems is to realize
sustainable and stable combustion in micro-scale combustors . Now days in micro
combustion research, premixed flames have typicaly been used and many fundamental
studies have been conducted ["*? while there is little research about the non-premixed
combustion. Moreover, in most practical applications, in order to control fire safety and flame
stability, fuel and oxidizer are injected separately into the combustion chamber and then
mixed by turbulent flow ™, so it is important and necessary to study the detailed
characteristics of non-premixed combustion.

Now days, researches about micro non-premixed combustion have aroused increasing
attention 2™, While, reduced reaction mechanism is used in most of the numerical
simulation of micro non-premixed combustion, that causes the simulated results can not
accurately meet the experimental studies!*®. In this paper, combined with the detailed gas
phase reaction mechanism, a 2D numerica simulation on the laminar non-premixed



combustion of n-heptane and air inside a micro-tube is undertaken to investigate the effects of
equivalence ratio of the mixture, inlet gas velocity, heat loss at the wall and size of the
combustion chamber.

2. Computational model

Modified creslaf model (cylindrical shear flow reactor model) *”) of CHEMKINA4.1 is used
in this ssimulation study. By default, the creslaf model uses the uniform inlet and initial
profile for all variables except axial velocity. The default inlet velocity profile is considered
to be fully developed, i.e., parabolic. In this study, a co-annular flow inlet condition is
established by using the user routine option (creslaf_user_routines.f) to override the default
inlet profiles. A non-premixed flame is established downstream as fuel and air are mixed
due to diffusion. The co-flowing annular jet configuration is shown in Fig.1 and properties
of modified chamber model are given in Table 1.

Figure 1. The co-flowing annular jet configuration

Non-adiabatic model is taken in this study in order to analysis the effects of heat |oss.
Grid is divided into axial 100xradial 40. Due to limitations on space, the following
assumption are made: 1.steady laminar flow model; 2.no gas radiation; 3. no wall axial heat
conduction; 4. convection (for species, mass, and energy) assumed to dominate in the axial
direction, such that axial diffusion is neglected.

Table 1. Properties of modified chamber model

Inner Jet Outer Jet
Radius(mm) r=03 R=2
L ength(mm) =0 L =50
Initial Temperature® (K) T,=400 T,=1400
C7H1sMass Fraction 1.0 0
O, Mass Fraction 0 0.21
N2 Mass Fraction 0 0.79

&ambient temperature: 300K

2.1 Modéd equation

Nomenclature

a, Reactor surface area per unit length, cm y  Cross-stream coordinate, cm
Cp  Specific heat at constant pressure of gas m  Massflux, g/sec




mixture, ergs/(g- K) P Pressure, dynes’cm?
Cpc Specific heat capacity at constant Q. Heat flux from outer wall to ambient
pressure of the kth species environment, ergs(cm-sec)
D,., Mixture-averaged diffusion coefficient R Universal gas constant
of the kth species, cm?/sec T  Temperature, K
g Acceleration of gravity, cm/sec? T, Ambient temperature, K
h,  Heat transfer coefficient of outer wall, U Axial velocity of fluid mixture, cm/sec
ergd(sec K) Vk’y Diffusion velocity of the kth speciesin
h,  Specific enthalpy of the kth species, they division, cm/sec
ergs/g
K ¢ Total number of gas-phase species Greeks
m Mass loss rate at the lower boundary, £  Massdensity of agas mixture, g/cm®
o/sec Pi Mass density at the reactor inlet, g/cm?®
M, Masslossrate at the upper boundary, M Mixture viscos ty, g/(cm-sec)
B g/sec & Normalized stream function
W Mean molecular weight of amixture, @, Chemica production rate of the kth
g/mole species due to gas-phase reactions,
W, Molecular weight of the kth species, mole/(cm?-sec)
g/mole A Thermal conductivity of the gas mixture,
Y, Massfraction of the kth species ergs/em-sec-K
X  Spatid coordinate along principal flow
direction, cm
Momentum:
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Multicomponent transport is used, and diffusion velocity is given by:
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In creslaf model, normalized stream function ¢ is the independent variable instead of
cross-stream coordinator y to simplify the model structure and improve efficiency in creslaf
model, steam function is defined by:

Stream function:

1y 5
v == |, pudy (6)
Normalized stream function:
=¥ (7)
m

The relationships between the physical coordinates (y,x) and the transformed coordinates
(& w, Xx) arestated in the following equations that define the Von Mises Transformation (18]
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2.2 Boundary conditions
1. uniform profiles are used for gasinitia velocity u, initial temperature T in chamber
inlet;2.chamber outlet pressure is standard atmosphere pressure P_; 3.no-slip wall model is
used, that’s meaning, in inner surface of chamber, u=0, V,  =0; 4.without considering the
effects of wall thickness, heat transfer between wall and ambient environment is defined by:
Q. =a,n,(T, -T) (12)
2.3 Reaction mechanism
The reaction mechanism for n-heptane was obtained from the Lawrence Livermore National
Laboratory n-heptane mechanism version 38 (dated 2000), which made up of 770 reversible
elementary reactions among 175 species. Detailed chemical kinetic mechanism has been
developed and used to study the oxidation of n-heptane in flow reactors, shock tubes and
rapid compression machines, results show that the mechanism can maintain accuracy and
efficiency in wide initial conditions range!?.

3. Resultsand discussion

3.1 Effects of fuel-air equivalenceratio

Fuel-air equivalence ratio is an important parameter that influences the non-premixed
combustion characteristics. In order to analysis the influences of fuel-air equivalence ratio on
the combustion, numerical computation is performed for inlet gas velocity of 700cm/s and
heat transfer coefficient of chamber outer wall of 20W/m’K over a wide range of fuel-air
equivalence ratio. 2D chamber temperature distribution of different fuel-air equivalence ratio
Is showed in Fig.2. It can be seen that, the non-premixed flame is small when fuel-air



equivalence ratio is 0.3, and flame progressively become larger with the increase of fuel-air
equivalence ratio. From Fig.2, we aso can see that, when equivalence ratio increased to 3.0,
non-premixed flame is divided into two parties by the initial flow of n-heptane. The reason of
it is because the equivalence ratio equals to 3.0 means n-heptane is much excessive than that
of the stoichiometric combustion, non-premixed combustion can’'t be happened at center of
chamber entrance where is fuel-rich/air-lean conditions. The simulation results show that,
with equivalence ratio increases, the peak flame temperature dlightly lower. Peak flame
temperature of equivalence ratio of 0.3 is highest, that is 2602K at 5.5mm from the entrance
of chamber, which is different from characteristics of premixed combustion.
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Figure 3. CO concentration distribution with different fuel-air equivalence ratio

Influence of equivalence ratio on CO concentration distribution is depicted in Fig.3. It
can be seen from Fig.3 (a) that distribution area of CO expands gradually with increases of
equivalence ratio. It obviously can be seen that, when equivalence ratio increases to 3.0, CO
almost covers entire region of chamber behind the combustion.

In simulation, laminar flow model and no-dlip wall model are used, so changes of gas
velocity at center line of chamber would more accurately reflect the changes of gas velocity at
chamber. From Fig.4 we can see that, the axial velocity increases sharply in the combustion
zone. In the combustion zone, the huge amount of the heat produced by the combustion is
released in a very small distance and thus causes the sharp increases of gas velocity. While,
after combustion is finished and due to the strong heat transfer to the gas and wall, velocity



decreases along the flow direction. Under the same total inlet gas velocity, the larger gas axid
velocity in the chamber means the more heat produced by the combustion. From Fig.4 it can
be seen that, the peak value of gas velocity islargest (1833cm/s) when equivalenceratio is 1.2,
which means that non-premixed combustion is most completely at this time. While when
equivalence ratio is 0.3 and 3.0, the peak value of gas velocity is lower indicating that the
combustion is not sufficient due to the conditions of fuel-rich or fuel-lean.
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Figure 4. Axial velocity at center line of chamber with different fuel-air equivalence ratio

3.2 Effects of theinlet gas velocity

Inlet gas velocity has a big influence on the characteristics of non-premixed combustion,
which directly effects the mixing between reactants as well as reactant and combustion
products. In order to analysis the influences of the inlet gas velocity on the combustion,
numerical computation is performed for equivalence ratio of 1.0 and heat transfer coefficient
of chamber outer wall of 20W/m’K over a wide range of inlet gas velocity. The effects of
inlet gas velocity on temperature of chamber center line are shown in Fig.5, from figure we
can see that, inlet gas velocity strongly influences the combustion characteristics, such as
combustion zone and flame plume length, while it hardly effects on the peak flame
temperature. As the velocity increases, the main reaction zone shifts downstream and flame
plume become longer gradually. Fig.6 shows the temperature distribution in chamber when
inlet gas velocity is 1325cm/s, it can be obviously seen that at this time part of the flame has
run out of the chamber because of the large inlet gas velocity. The influences of the inlet gas
velocity on the mole concentration of CO and CO., at the center line of chamber are shown in
Fig.7. The same result is also demonstrated that as inlet gas velocity increases, the location of
the peak value of CO and CO, mole concentration shifts downstream while the peak value of
it almost no changes.

Under laminar flow model, the smaller inlet gas velocity means the residence time of the
gas mixture in chamber is longer and gas mixture are easier to mix and ignite. As well as, the
small inlet gas velocity equals to the small initial mass rate of gas mixture, thus during
combustion there is no sufficient reactants to provided, non-premixed combustion don’t
maintain for a long time causing the shorter flame plume. In the same way, when inlet gas
velocity increases, the contrary isthe case.
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3.3 Effects of the heat loss

In micro combustion, heat 1oss becomes one of the main factors affecting the combustion
stability. In order to analysis the influences of the heat loss on the characteristics of the
combustion, in this section, numerical ssimulation on four combustion models with different
heat transfer coefficient of combustor outer wall(0. 20W/m?K . 40W/m? K and 58W/m°K) is
undertaken with fuel-air equivalence ratio setsto 1.0 and inlet gas velocity is 530cm/s.

—#— () hg=0 —a— () hg=0
e (i) hg=20W/m2K —e— (i) hg=20W/m2K
3000 - —A— (iii) hg=40W/m2K 3000 —4— (iii) hg=40W/m2K
v (iv) hg=58W/m2K | — 2800 —v— (iv) hg=58W/m2K
& 2500- = 2600+
® g 2400 -
= 2000+ 5 2200
I3 g 2000
§ 1500+ S 1800
o G 1600
3 1000+ g 1400
S £ 1200
g— 500 ® 1000
2 £ 800
O T T T T T T |_ 600 T T T T T T T T T T T
0 1 2 3 4 5 0 1 2 3 4 5

Axial coordinate (cm) Axial coordinate (cm)

(a) temperature distribution at center line of chamber (b) surface temperature distribution at
outer wall of chamber
Figure 8. Temperature distribution with different heat transfer coefficient of chamber outer
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Figure 9. CO and OH mole concentration at center line of chamber with different heat
transfer coefficient of chamber outer wall

Simulation results show that, the non-premixed flame becomes the smaller with increases
of heat transfer coefficient of chamber outer wall, and 58 W/m?K is the upper flammable limit.
Fig.8 shows the effects of heat transfer coefficient of chamber outer wall on the chamber
temperature. From Fig.8 (a) we can see that heat transfer coefficient of chamber outer wall



has fewer influences on the location of flame ignition and peak flame temperature. While the
decreasing rate of flame temperature after the combustion zone becomes larger gradually with
the increases of the heat transfer coefficient of chamber outer wall. From Fig.8 (b), surface
temperature distribution of chamber outer wall is complex. For example, outer wall
temperature decreases from inlet temperature 1400K to 1227K at 2.5mm away from chamber
entrance when heat transfer coefficient of chamber outer wall is 20 W/m?K under the
influences of gas mixing and wall heat loss where the gas mixture having not to be ignited yet.
Then gas mixture begins to burn and produces a lot of heats, flame temperature reach to the
maximum 2251K at 11mm away from chamber entrance. Behind the combustion zone, the
temperature down again due to the heat 1oss and chamber outlet temperature downs to 1613K.
The effects of heat transfer coefficient of chamber outer wall on the reaction intermediate
products are shown in Fig.9, such as CO and OH. We can be seen that, heat transfer
coefficient of chamber outer wall has dig influences on reaction mechanism. For instance, in
adiabatic model, there are a larger number of intermediate products such as CO and OH in the
exhaust of combustor.

3.4 Effects of combustor size

In micro combustion, as a result of the reduced size, the combustor surface-to-volume ratio
increases (since this ratio scales as the inverse of the length scale). And high
surface-to-volume ratio increases the relative heat losses that could quench the combustion
process or reduce ignition reliability. In order to analysis the influences of the combustor size,
numerical computation are performed for four combustor model when equivalenceratio is 1.0,
inlet mass rate is 1.34X 10g/s and heat transfer coefficient of chamber outer wall sets to
20W/m?K. The parameters of four combustor model are summarized in Table 2.

Table 2. Parameters of different chamber model

r (mm) R (mm) L (mm)
Model 1 0.6 4.0 50
Model 2 0.48 3.2 50
Model 3 0.36 24 50
Model 4 0.3 2.0 50

It isobvious in Fig.10 that the effects of the combustor size on the flame temperature and
flame profile are very significant. From Fig.10 (a) we can see that, for model 1, non-premixed
flame shows “mushroom” shape, and there are two distinct apophysises in the flame root near
the combustor entrance. That's because for model 1, the gas mixture inlet gas velocity is
lowest comparing with other three models in the same total mass rate case, good mixing
couldn’t be happened in the combustor entrance causing non-premixed combustion happens
in boundary of fuel and air stream. As the combustor size decreases, the location of
non-premixed flame shifts downstream and flame root become smooth. For model 4, the



combustor temperature distribution shows two discontinuous high temperature zone and
combustion trends to have some characteristic of premixed combustion. The effects of
combustor size on temperature distribution of centerline of combustor are shown in Fig.10 (b).
We can see that, flame temperature increases sharply in the combustion zone; combustor size
hardly affects the peak flame temperature and the location of the peak flame temperature
shifts downstream gradually with the combustor size decreases.

= 2800
m!
il

EEER

El a
Asial eoordnate ey

(ii) model 2

(iii) model 3 (iv) model 4
(a) 2D distribution of temperature with different chamber size

—=— (i) modell
3000~ —e— (i) model2
—a— (iii) model3
—v— (iv) model4

2500

2000+
1500+
1000+

500

Temperature -center line (K)

0

. . —
0 1 2 3 4 5
Axial coordinate (cm)

(b) Temperature distribution of center line of chamber with different chamber size
Figure 10. Chamber temperature distribution with different combustor size

o.014 ouas o014
oo E on ooz
o010 a5 .01
o. o
0006
os
o
2 o002
o8 o NN W o
o i = 3 ) C)

e e ©
= ]

Cross ow coordinate ()
-]
R-E-N-]
§g8gzz
|

Axinl coordinate (cm)

(if) model 2

Cross-Bow coordinats fom)
& © -]

Cross-Sow coondinate fom)
i . 7

BEfEEEEE

(iv) model 4
Figure 11. Effects of combustor size on OH concentration distribution



Fig.11 shows the effects of combustor size on OH concentration distribution. It can be
seen that, in model 1, great amount OH are produced in two obvious apophysises in the front
of combustion zone. As combustor size decreases, the two apophysises become smaller. In
model 4, two apophysises disappears and the location of peak value of OH concentration
shifts to the centerline of combustor indicating again that the flame trends to have some
characteristic of premixed combustion when the size of combustor is reduced to a certain
value in laminar flow model.

4. Conclusion

In summary, a numerical simulation on the laminar non-premixed combustion of n-heptane
and air inside a micro-tube was undertaken Combined with the detailed gas phase reaction
mechanism. The effects of equivalence ratio of the mixture, inlet gas velocity, heat loss at the
wall and size of the combustor are discussed in this paper. Results show that:

1. Fue-air equivalence ratio has a big influence on the characteristics of non-premixed
combustion; completely non-premixed combustion is happened when equivalence
ratio is 1.2, and the smaller the equivalence ratio, the higher the peak flame
temperature within flammabl e range.

2. Inlet gas velocity strongly influences the combustion characteristic, such as
combustion zone and flame plume length, while it has no effect on the flame
temperature.

3. Heat transfer coefficient of chamber outer wall has a great impact on the wall
temperature, while it has fewer influences on the flame core temperature. The
simulation results show that, upper flammable limit of the heat transfer coefficient of
combustor outer wall is 58 W/m?K.

4. Inthe micro-combustion, the combustor size has a big influence on the non-premixed
combustion characteristics. The flame trends to have some characteristics of
premixed flame when the size of combustor is reduced to a certain value in laminar
flow model and at this time the combustor temperature distribution shows two
discontinuous high temperature zones.
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