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A numerical study on the effects of hydrogen
addition levels, wall thermal conductivity and

inlet velocity on methane/air pre  -mixed flame in a

micro reactor

ABSTRACT

In this study, the effect of the levels lofdrogen addition to
methaneair premixed flame in a micrestepped reactor has
been studied numerically. In addition, the effects of mixtL
OAT T AEOU AT A xAiil 046q GBEAGE
location, temperature, and species distribution in micro
reactor were calculated using a 2D numerical lamine
steady code. The results showed that an increasing leve
hydrogen in the methanair mixture probably improves the
combustion process in a micro reactor by intensifying tl
flame speed, adiabati flame temperature and the
generation of some crucial species (such as OH, H, HCO
and HC). Further, it was found that the addition o
hydrogen to methane can shift the flame towards the inli
yl OEEO xAUh EO POl AAAiddin
certain conditions compared to cases of no hydrog
addition. In conclusion, it is shown that the temperatul
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1. Introduction

Recently, the rate of scientific and industr
research into micro electromechanic
systems (MEM5) including portable
communication devices, micro robots, mic
air vehicles and micro reactors has be
expanding dramatically. These kinds

mechanical devices are small in size and |
in weight. Therefore, finding a reliable
feasible, lowweight andcost effective source
of energy is still oneof the main obstacles
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hindering the development of this type -
system. Currently, advanced chemic
batteries are one of the options available
use in micro systems. They are large in si
low in their energy to weight ratio and have
short operation time. For these reasons, tt
usage in MEMS devices seems to

controversial. Therefore, other availab
sources of energy should be applied to prov
the required energy in MEMS device
Among the available sources of enerc
hydrocarba fuels, due to their high energy 1
weight density and also their low cost can a
be recommended as a propgtion for use in
MEMS applications. In this respec
compatible reactors with MEMS conditior
should be developed. Although applyitige
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hydrocarbon fuels seems to be a remedy -
providing enough energy in MEMS
devicegheir low combustion efficiency in
micro scales is still a challenging matte
Therefore, a lot of research has been focu:
on developing meso or micistale reactors
with ademate efficiency, in which the
hydrocarbon fuels can be burnt proper
[1,2,3,4,5,6]

The combustion process in a micro react
can be affected by
thermal conductivity, the equivalence ratis
the inlet velocity, etc. Therefore, vai@mts
in the wall-s thernmn
the heat recirculation process between t
postflame and préneating zones in the
combustion field. The heat recirculation ce
control the combustion in meso and micr
scale reactors. Furthermore, the acence
of unsteady and oscillatory flame mode
under certain conditions in smaitale
reactors has been reported in the literatu
Norton and Vlachos (2003) showed that tl
flame presents oscillatory behaviour near t
flame extinction limits. Moreovemccording
to the research by Maruta et al. (2005), t
stable or unstable behaviour of a micr
flame depends largely on various paramett
such as equivalence ratio, inlet mixtul
velocity, geometry, heat transfer condition
micro-reactor wall temperatureand the
i ncoming mi xtur e-
Furthermore, they asserted that flan
instability occurs at moderate velocit
ranges. Thus, high or low enough inle
mixture velocities lead to stable flames, su
as stable normal and weak flame
respectively.

In addition to the above mentioned topic
some approaches have been proposed
other researchers for improving combustic
characteristics, such as flame locatio
temperature distribution, etc. in micr
reactors. In this regard, Zarvandi et ¢
(2012) conglered the effect of constan
hydrogen addition to a methaag mixture
on the combustion process in a misale
reactor. They showed that adding hydrog
to a methanair mixture can increase tht
flame strength against heat losses,
compared to theimple backward facing stef
reactor.In another research study conductt
by Baigmohammadi et al. (2013), the effe
of the insertion of conductive wire in ¢
micro- increase flame strength against he
losses, although its effect on the flame is r
as promment as the hydrogen additio
method.
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Furthermore, the concept of a revefigav
(RF) reactor has been studied numerically
Kaisare and Vlachos (2007). They propos
the reversdlow operation as a remedy fo
extending the stabilized combustion zone ¢
to the extra effect of prheeating on
combustion at the smadlcale. Moreover,
Federici and Vlachos (2008) conducted
numerical and experimental research study
the combustion stability of propaaér
premixed flame in a heat recirculation mic
channé They found that the hea
recirculation process via the wall of th
reactor has a pivotal role in establishing
stable flame in a heakcirculating burner.
Furthermore, Ju and Choi (2003), and K
and Ronney (2007) have performed numeri
research stiies looking at the development (
new methods for extending stable combusti
operation in meso and micsrale reactors.
They investigated the dynamic and stear
state behaviour of excess enthalpy combusit
in the two adjacent parallel channels wi
opposed flow direction and Swissll
reactors, respectively. They showed that
proper heat exchange between the t
adjacent channels can extend the flal
stability region in a micro reactor.

In this study, the effect of hydroge
addition levels on a methesair mixture is
studied numerically to improve methaai
premixed flame characteristics such as t
fl ame-s | ocati on, t
distributions, etc. in a micrstepwise reactor.
This approach has been studied in this wi
because of the mearkable effect of the
addition of hydrogen on methaiaér flame
characteristics at meso or micro scal
Moreover, the usage of a hydrogain
mixture at small scales seems to
challenging. Furthermore, this method has |
yet been investigated adequgteby other
researchers in the micmmbustion field.
Furthermore, the effects of inlet velocity ar
the reactor wal | - s
on t he f | a me temsperatura
distribution, and combustion progress in
micro-stepped reactor are ditated. For this
purpose, a steady state modelling of t
combustion has been performed using a h
order, high accuracy 2D numerical cot
accompanied by a laminar pneixed fluid
flow method.

Nomenclature

A Area (nf)
A Preexponential factor
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heat capacity at constant pressu
(J/kg.K)

Molar concentration of species |
reaction r (kgmol/r)

mass diffusivity, rfis

Emissivity coefficient

Activation energy for reaction
(J/kgmol)

specific enthalpy, J/kg
Standarektate enthiay

(kJ/kgmol)

Outer wall convective heat
transfer coefficient (W/AK)
Thermal conductivity (W/m.K)
thermal conductivity of fluid or
solid (W/m.K)

Forward rate constant for reactio
r

Backward rate constant for
reaction r

Equilibrium for the rth reaction
molecular weight, kg/mole

total number of chemical species
Number of reaction

Pressure (pa.p= 101325 pa)
Heat generation rate per unit of
volume, W/mi

Rate of reaction , kgmol/hs
universal ga constant

(Ru= 8313 J/(kg.kmol.K)
Standarestate entropy
(kJ/kgmol.K)

Temperature, K

x-direction velocity, m/s
y-direction velocity, m/s
Stoichiometric coefficient of
reactant species
Stoichiometric coefficient of
product species

Axial coordinate, m
Monatomic value of thermal
conductivity (W.nT.K™)
Property

Lateral directiom

mass fraction

Temperature exponent
Dynamic viscosity, N.s/Mm

Third body efftiency of the ith
species in the rth reaction
Density, kg/m’

LennardJones characteristic
length, Angstroms

Shear stres$g)

Reduced collision ingga
Analogous reduced collision
integral

species mass generation rate per
unit volume

The net effect of third bodies on
the reaction rate

Ra e exponent for reactant speci
jin reaction r

Rate exponent for prodt species |
in reaction r

Subscript

0w -

= &27

A—

exit Outer surface of the reactor
wall

i species i th

i,m species i in the mixter

] species i in species j th

in Inlet

ir ith speciesn rth reaction

i species j th

S Solid

XX, ¥X, Tensor index

Xy, Yy

w Wall

a ambient

2. Governing equations and numeric
scheme

A schematic view of the simulated micr
reactor is shown in Fig. 1a. As shown in tF
figure, methane/ hydrogenrair reacive

mixtures with different mixing percentage
enter the micro reactor. A reduce
mechanism for methara@r combustion
accompanied by 25 reversible reactio
and15 species [15] (without N composition
has been applied (Table 1). The equivaler
ratio wasset at 0.9 (lean mixture of methan
air) [16]. In this study, the inlet mixture
temperature was 300 K. Furthermore, t
wal | -s t her mal con
hydrogen mass fraction, and the inlet mixtL
velocities were varied from 3 to 90 W/m.k
0.0 to 0.0258 and 2.8 to 11.8 m/s,
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Fig. 1 (a) Dimension of a backward facksgep micro eactor (all dimensions are in mm), (b) the mesh study procedure
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2 et

Mean wall temperature (C)

respectively. The hydrogen additio
percentages have been chosen to show t
increasing the hydrogen mass fraction in
methane/hydrogenir mixture can improve
the flame-s stabildi

The reference outer wall convective he
transfer coefficient (f) of the micro
reactowas set at 5 W/AK [9,10,17].
Meanwhile, the radiative and convective he
transfer methods conveyed the general
heat energy inthe combustionzone to the

(a)
- 1 EJI
-+ step-CHA/Air outiet | §
fc)
1000 ~ —a—— Phi=0.6 Expermental
[ —+—— phi=0.6 Present work
[ ------ phi=1 Experimental
950 - phi=1 Present work
a00 =
L =
. =
850 g
n =
: g
800 - £
: &
750 =
700~
1 1 1 1 1 1
6502 25 3 35 4 4.5 5
Equivalent velocity {m/s)
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environment through the micro reactor out
wall. All the physical conditions of the
modelling with the reference values of tt
thermal boundary conditions for the wal
environmennterfaces were summarized i
Table 2. The dynamic viscosity and tt
thermal caoductivity of the mult
components of the gas were calculated ba
on the methods presented in the referen
[18]. The lateral walls of the micreactor at
the inlet and outlet were adiabatic.

(b)
2000 ~
I £~ ;,T e
! Ny
= I BN N,
o 1500 T AN
- [ |! \“-‘\“ Wy
- I -
E I T!' “H"‘--.‘a:_m"‘-"-\u
' 'i -
E L 1
H ! [
o 1000 | &
= E o
= /f,,‘"
¢ [ 4" ——— 545 Cas
3 | o - — — 2022 Cells
sl /f ———— 3620 Cells
| 2 e G250 Cells
Iz
T IR S ! M ]
4] 0,002 0.004 0,006 0.008 0,01
Micro burner length [m]
(d)
0.03
0.025
————— 1 o PT - Applled code
002 1 em PT - Chenat al.

1 P
002 0.025

P | ]
0.015 0.03

1 i 1
0 0005 0.01
Micro combustor length [m]

(c,d) validation of the results of applied code by the results of (c) [19] and (d) [20]
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Table 1.Skeletal mechanism for methaag reaction
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Rate constants are given in the fopm 5 14

a
expaR
¢

E
RT

a
8

Chemical Species

Total number of species7A H, O,, OH, O, HO, H,, HO,, H,0,, CO, CQ, CH,, CHs, CH,O, CHO, N, N, HCO

Label Reaction Ak (m,kmol,s) bk Ek (J/kmol)
1f H+O,A OH+O 2.E+11 0.00 7.034E+7
1b OH+OA H+0O, 1.575E+10 0.00 2.8PE+6
2f O+H,A OH+H 1.800E+07 1.00 3.695E+07
2b OH+HA O+H, 8.000E+06 1.000 2.830E+07
3f OH+H, A H,O+H 1.170E+06 1.300 1.518E+07
3b H,O+HA OH+H, 5.090E+06 1.300 7.782E+07
4f OH+OHA H,0+0 6.000E+05 1.300 0.00E+00
4b H,0+OA OH+OH 5.900E+06 1.300 7.130E+07

H+O,+M A HO»*+M? 2.300E+12 -0.800 0.000E+00
HO,+H A OH+OH 1.500E+11 0.000 4.204E+06
HO,+H A H,+0O, 2.500E+10 0.000 2.931E+06
HO,+OH A H,0+0, 2.000E+10 0.000 4.187E+06
of CO+OHA CO,+H 1.510E+04 1.300 -3.174E+06
9b CO,+H A CO+OH 1.570E+06 1.300 9.35E+07
10f CHa(+M) A CHg+H(+M)° 6.300E+14 0.000 4.354E+08
10b CHa+H(+M) A CHy(+M)° 5.200E+09 0.000 -5.485E+06
11f CHy+H A CHztH, 2.200E+01 3.000 3.663E+07
11b CHst+H, A CH,+H 9.570E01 3.000 3.663E+07
12f CH4#+OH A CH3;+H,0 1.600E+03 2.100 1.030E+07
12b CHs;+H,0 A CH4+OH 3.020E+02 2.100 7.294E+07
13 CH;+O A CH,O+H 6.800E+10 0.000 0.000E+00
14 CH,O+H A HCO+H, 2.500E+10 0.000 1.671E+07
15 CH,0+OHA HCO+H,0 3.000E+10 0.000 5.003E+06
16 HCO+HA CO+H, 4.000E+10 0.000 0.000E+00
17 HCO+M A CO+H+M 1.600E+11 0.000 6.155E07
18 CH;+0O, A CH;0O+0 7.000E+09 0.000 1.074E+08
19 CH3;0+H A CH,O+H, 2.000E+10 0.000 0.000E+00
20 CH;0+M A CH,O+H+M 2.400E+10 0.000 1.206E+08
21 HO,+HO, A H,0,+0; 2.000E+09 0.000 0.000E+00
22f H20,+M A OH+OH+M 1.300E+14 0.000 1.905E+08
22b OH+OH+M A H,0,+M 9.860E+08 0.000 -2.123E+07
23f H,0,+OH A H,O+HG, 1.000E+10 0.000 7.536E+06
23b H,O0+HO, A H,0,+OH 2.860E+10 0.000 1.373E+08
24 H+OH+M A H,O+M? 2.200E+16 -2.000 0.000E+00
25 H+H+M A Hy+M? 1.800E+12 -1.000 0.000E+00

a : Third body efficiencies: C}#6.5, H0=6.5, CQ=1.5, H=1.0, CO=0.75, ¢=0.4, N=0.4, and all other species=1.0

b: Lindemann form,

o
kfall

[Mm]¢

QDO

+

O aﬁmo

&- 7.536° 10

Q

k, Wherek  =63expg—— _——§
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Table2. The reference conditions

Model 2D-Axisymmetry-Reduced chemistry
Velocity orMass Flow (4 & M got, in) 2.8 m/si 8.88e7 kgls
Thermal conductivity(Wall) (k) 20 W/m.K
External heat transfer coefficient,(f 5 W/nt.K
Emissivity coefficient (e) 0.2
Mass fraction of added hydrogen 0-0.0258
Equivalence ratio 0.9
The governing equations which aedated Energy equation
to an axisymmetric, laminar steady state a u u B
a multispecies reactive flow are as follow —(ruh)+——(rvhr)-
[9,10]: b rur
Continuity Mgy, £°+_£% r HL uTo (6)
(r0) 1 w0 e
M(ru) 1 K N
+— ol 1) h=3Y
Axial momentum -5 2 X, k
8
u(ruu) , 1p(ruvr) _ ' 83 Xt (®)
pX rw & 1 1 22
4 pug lpd g , ak. M, B
Up+ Ha ﬂﬂg+——&§ﬂﬂ0 ecl+ ktri : J l;l
IX pXG3 X+ rpg W+ : gﬁngEQ
M &2mpvr)g 1 pé o] _ E 4 9
e Y I R 1 ©
IXg3r pr + rgrg X+ ° =
Viscosity 2\/5%__,_
_x & xm ¢ M o=
M =aA @T ©) In the above equation, ceording to
- ga il [18], &10
e ., 2 1% h’ 0
Lam @M, 6y aqv'—anc AT & (10)
gl % %?l\/T ou i 29815 +
YTH N
fy = : (@) w =M, a W (12)
a D i
2ﬁ£’+ o 8 N B e §
- dvnr V' fro[cjr] kbrO[CJr] 8 (12)
Radial momentum &m = *
uruv) , 1p(rvvr) _ 5 a E o
oo ki, = AT™ expeg RJrT8 (13)
JHp HA Jug 1 A2rmug, ¢ -
o MXg W+ rprg 3 pxs ki,
H 1 padrm 1p82 3 Ko = (14)
ae,,!‘!8+,£a o “a ms  (5) K,
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FT8 (15)

' )R(Tts T

(; GibbsFreeEnergy=

0 N 0
55 Vi i V,)$ (16)

R G R

D|_|0 N hO
L= Vi i- } 17
rr i) s ¢

N
G=a9,C (18)

J
Species conservation
p(qu.) 1u(rer):

u(r (a lpue, WrY)e,
ung ux 4 rurgD " g @9)
Binary diffusivity

¢.d1, 1 @
& L
D, =0.018 &1 ‘;ﬁ M, 5
u P (20)

The energy equation in the wall of the mici
reactor was formulated as follows:

_|

ﬂ}u\ U'ng:
u rwg

out(Ts - Tu ) +$€(Ts4 - Tn4)

(21)

Finally, the various levels of the adde
hydrogen mass fraction have been calcula
as follows:

AHME = MFR of Added Hydrogen

MFRof the Mixturg( CH+ H) { Ai})

(22)

where, AHMF and MFR are acronyms fc
Added Hydrogen Mass Fraction and Ma:
Flow Rate, respectively The boundary
conditions at the inlet and outlet of the mici
reactor were the velocity inlet and pressu
outlet, respectively [9,10]. Meanwhile, th
internal fluidwall radiative heat transfel
interactions, the slip condition and th
species diffusivityin the normal direction
into the wall were ignored. The overa
boundary conditions on the inner and out
sections of the micro reactor wall were ¢
follows:

where
(x=0and0Br B0.3mm

ST :300K,u:2.8f%,n:0

&:O,M:O,Ezo,ﬁzo
pr

where
(0<x 4.5mm,r 6.3mn)

-uo;vd%

where

(I’ =038 mn’)- Owan = Qexit

where

ax=0,03<r<08mmandg uT _

?leOmmO.6<r <0.8mm§ X

The governing equations were solved by
finite-volume numerical scheme based on 1
SIMPLE (Semilmplicit Method for Pressure
Linked Equations) algithm [9,10]. The
nortdimensional convergence criterion fc
all the equations was 10 As shown in
Fig.1lb, to find the best grid pattern in tt
flow field and the solid wall, a gric
independency study was performed usi
several grids. Therefore, a comgigaal
grid with 5120 quad cells (3620 cells in tt
flow field zone and 1500 cells the in soli
zone) was used [9,10].

With regard to the complexity of th
computational procedures and the mul
aspect effects of the fluid flow parametel
reactions, anddat transfer, the results of thi
study have been verified using previous
reported results [19,20]. As seen in Fig.
and d, the results of the applie
computational scheme show an accepta
level of accuracy compared to the results
similar experimatal and numerical works
Further mor e, t he fl
study is seen as the position with the high
temperature in the combustion field and
the centre of the reactor.

3. Results and discussion

The effects of different hydrogen additio
level s, t he wal |l - s t
the inlet velocity on the behaviour of
methaneair premixed flame at micro scale
are discussed below.

31Ef f ect of t he
conductivity

The effect of t he w.
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Table 3.The adiabatic flame temperature and the flame speed of three (methane+ hydiogeéxiures applied in this

on t he datiomanecharacteristics in
micro reactor for the entrance mixture

methane/hydrogeair of various
compositions has been considered in

section. As seen in Fig. 2, adding hydrogel
the methanair mixture can increase tt
adi abat i c pefafura Tables3), th
laminar burning velocity, and simultaneous
decrease the energy required to start ignit
According to the amount of hydrogen adc
to a methanair mixture for the present cas
((H=0.01 & CH=0.031) and (k0.0258 &
CH.=0.0)),it can be seen that higher amou
of hydrogen in the mixture can increase

adiabatic flame temperature and the lami
burning velocity (flame speed) of the fr
propagating flame. This increment can

nearly 2.5 and six times larger than f
laminar burning velocity of the mixture ¢
H.=0.0 & CH:=0.05, respectively. This ce
facilitate the initiation process of the reacti
chain. As shown in Fig.3the formaldehyde
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formation near the reactor inlet as a criteri
for methane oxidation, heat ressa and
combustion initiation is one of the mai
pieces of evidence for this effec
[21,22,23].Therefore, it can be maintaine
that the early initiation of combustion he
two opposite effects on the combustic
process at micrgcales. In spite of ther
being several advantages to adding hydrog
to the methanair mixture, if the flame is
situated in a location very close to the inl
port, extra preheating by the reactor wall
the incoming mixture may be impaire
Therefore, this matter can lead to

sign fi cant decrease

temperature.  This  phenomenon c
obviously be seen in Fig.2. Consequently
desired flame with the required combusti
characteristics may be acquired by addi
hydrogen and locating the flame in a prog
position at whichthe incoming mixture car
be preheated properly.

study
CH,(mass fraction) H,(mass fraction) Equivalence ratio  Flame speed (m/s) Adiabatic flame
temperature (K)
0.05 0.0 0.9 0.3488 ~2120
0.041 0.005 0.9 0.5435 2140
0.031 0.01 0.9 0.7958 2170
0.0 0.0258 0.9 2,088 2240
2000 —B— Axis, H2=0.0 & CH4=0.05
s —B— Axis, H2=0.01 & CH4=0.031
2000 —&— Axis, H2=0.0258 & CH4=0.0
— Will, H2=0.0 & CH4=0.05
Wall, H2=0.01 & CH4=0.031
LA X! N T R E 4R - Wall, H2=0.0258 & CH4=0.0
7 1500 [
P Z 1500
E L
: s
E— 1000 f E oo S
@ —8— Axis, H2=0.0 & CH4=0.05 é.'
= —&—— Axis, H2=0.01 & CH4=0.031 & 1000 |
—E— Axis, H2=0.0258 & CH4=0.0 A
Wall, H2=0.0 & CH4=0.05
N 4 — — — Wall, H2=0.01 & CH4=0.031
00 A7 0000000 === Wall, H2=0.0258 & CH4=0.0
P - T ST BT |
0.002 0.004  0.006  0.008 0.01

Fig. 2. Temperature distributiorl@ng the axis and next to the wall of micro reactor in the gas phase (wall) (a) Kw=20

Micro combustor length [m]

500

2. 1 - )
0 0.002 0.004 0.006 0.008 0.01
Micro combustor length [m]

W/m.K (b) Kw=90 W/m.K
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Axds- H2=0.0 & CH4=0.058
=] Wall- H2=0.00 & CH4=0.05

0.012 — — = Axis H2-0.005 & CH4=0.041
s Fay Wall- H2=0.005 & CH4=0.041
- - - - 01 & CH4=0.031
! fﬂ.l A < - D1 & CH4=0.031

001k = 'l —— = Axis- H2=0.0258 & CH4=0.0
L J \ |- O Wall H2-0.0258 & CH4=0.0
i

0.008F! v A @)

LY

L ! \ !l

ook L0

ot YA W
SR

0.004F 0§, A
] %l

0.002% : :
DB oA as

Axis- H2=0.0 & CH4=0.05
[m] Wall- H2=0.0 & CH4=0.03

0.005 — — — Axis H2-0.005 & CH4-0.041
i O Wall- H2=0.005 & CH4=0.041
—-—-— Axis H2-0.01 & CH4-0.031
O Wall H2=0.01 & CH4=0.031
0.004
I 1
I b ()
0.003
0.002F
0.001 F

Mole fraction of CH20
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Axis- H2=0.0 & CH4=0.05

0.012 o Wall- H2=0.0 & CH4=0.05
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- o ‘Wall- H2=0.005 & CH4=0.041
B f‘ " A —e—— Axis- H2=0.01 & CH4=0.031
0.01F I.l a Wall- H2=0.01 & CH4=0.031
B I, —o—e— Axis- H2=0.0258 & CH4=0.0
s AR i A O Wall H2=0.0258 & CH4=0.0
C .00} "-‘ i l}
< i L
H R Ny (b)
£ 0.006 | o
g B |
— i Y [
2 .
= 0.004 -.{
= :
0.002,

0.002° © 0004 0006 0.
Micro combustor length [m]

Axis- H2=0.0 & CH4=0.05

0.005 o Wall- H2=0.0 & CH4=0.05
! L - = = Axis- H2=0.005 & CH4=0.041
FaX Wall- H2=0.005 & CH4=0.041
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0.004 F o ‘Wall- H2=0.01 & CH4=0.031
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I Fa¥
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“ 0.001 F
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Micro combustor length [m]

Fig. 3.Distribution of OH and CH20 along the reactor axis and next to the wall of micro reactor in the gas phase (wall)

(a,c) Kw=20 W/m.K (b,§l Kw=90 W/m.K

Moreover, as shown in Fig. 2, variations
t he wal | - s t her mal
significantly influence the temperatu
distribution along the micro reactor axis usi
the hydrogen addition method in comparis
to the norhydrogen caselhis behaviour cat
be attributed to the influence of the adc
hydrogen and the backward facing step,
the combustion and heat loss from the ot
wall of the micro reactor. In this regard, t
coincident effects of the added hydrogen
the backward feing step make the flam
resi stant against t
thermal conductivity. However, it should |
noted that the effe
thermal conductivity on the temperatt
distribution next to the wall of the micr
reactor issignificant.

Furthermore, the distributions of hydrox
(OH) and formaldehyde (CGB) radicals
along the axis and next to the wall of t
micro reactor for two different wall therm:
conductivities have been depicted in Fig.
The results revealed thatthlistributions of

temperature next to the micro reactor wi
and the radical pool near the wall ha
reciprocal effects on each other in all cas
It is clearly shown how adding hydrogen
the methanair mixture shifts the hydroxyl
and formaldehydegak locations towards th:
inlet port and consequently stabilizes them
a position in the upstream. However,
should be noted that the distributions
hydroxyl and formaldehyde radicals near t
reactor wall were slightly more sensitive 1
t he w &drnhal sonductivity in the
hydrogen addition casehan those in the
nonhydrogen addition case (Figs. -8a
Meanwhile, it can be inferred from K@ a,
b that adding hydrogen to the methaaie
mixture by more than a critical amount cz
intensifytheppoducti on of t
as an active and prominent radical in t
combustion field, especially near the wall.
this way, it can
stability within the micro reactor. Moreovel
adding hydrogen to the methaai mixture
not only can reduce the energy required
initiate the reactions, but caalso intensify
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the chain branching reactions which lead
methane and air (#N.) intermolecular
bounds breakinglhe levels of thgeneration
of hydroxyl and formaldehyde can |
preseted as evidence of this matte
However, it should be noted that addi
hydrogen to the metharasr mixture
decreases the concentration of the car
atoms. Therefore, the mole fraction
formaldehyde decreases based on the pet
of hydrogen added to ¢h methaneir
mixture. However, some parameters such
the flame-s | ocatio
chemical mechanisms, micro reactor diame
and the chemical composition of ti
incoming mixture can influence th
distribution of OH radicals along theicno
reactor.

Based on the results, the massighted
average mole fraction of the species has k
used to obtain a proper understandivfgthe
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distribution of chemical species througho
the micro reactor. The applied definition «
the masswveighted average parameter he
been presented in the research carried ou
Zarvandi et al., 2012 and Baigmohammadi
al., 2013. In this regard, as shown in Fig.
adding hydrogen to the methaae mixture
can intensify the average mole fraction
some chemidaspecies such as H, OH®|
HO,, H.0O., and HCO in the flow field more
than those of the nelmydrogen addition case
Most of these species play the role
initiator and heat release markers f
combustion in the micro reactor. Regardil
Fig. 4, althoughv ar i ati ons
thermal conductivity influence the averag
mole fraction of some species in the mic
reactor for both methods (the cases
hydrogen and noehydrogen addition), its
effect on the noihydrogen addition cast
seems to be more distiinee [9].
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Fig. 4.Variations in the average value of species versus variations in the wall thermal conductivity coefficient for different
values of hydrogen addition to methaaie mixture
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Furthermore, Fig. 4 shows that the more
thermal conductittiy of the wall increases th
greater the average mole fraction of so
species such as G8l, CO, HCO, CH CH.0O,
HO. and HO. becomes in the nehydrogen
addition case. However, variation of t
wal | - s t her mal con
effect on the masweighted average mol
fraction of some species in the hydroc
addition method. However, the increase of
wall -s ther mal cond
the mean mole fraction of the other spec
such as H, OH and O and also increases
mean mole fraton of CH: in the combustior
field. The i ncreas:¢
conductivity imposed this effect on tt
combustion field by increasing heat Ic
through the reactor wall. Therefore, duri
this process, H, OH and O can be countel
the vulnerablespecies in the combustic
field.

Further mor e, t he v
| ocati on ver sus t
conductivity for different levels of hydroge
addition is shown in Fig. 5. As shown, unc
such heat transfer conditions as mentione
Table 2,increasing the amount of hydrog
added to the inlet reactive mixture makes
flame insensitive t
thermal conductivity. As depicted in Fig.
this insensitivity decreases as the level
hydrogen addition increases. Unlike t
hydrogen/methanair cases, the methaiaér
flame without hydrogen addition is ve
sensitive to variations in the wall thermr
conductivity. Therefore, in the hydroge
addition cases, variations in the wa | |

thermal conductivity cannot affec the

flame-s |l ocation. T
occurred due to the effect of increasing t
hydrogen addition on the laminar burnir
velocity (flame speed) of a determine
mixture. Moreover, it can be related to tt
decreasing effect of hydrogen additiom the
ignition activation energy and consequen
the displacement of the flame towards t
inlet port. On the whole, it can be maintains
that thef | ame-s sensiti:
t he wal | -s t her mal

decreased by adding sufficiehydrogen to
the methanair mixture.

3.2 Effect of inlet velocity

As depicted in Fig 6 and 7, increasing th
inlet velocity infl

the distributions of temperature and speci
along the centre line and next to the wall
the mcro reactor in the gas phase. In su
conditions as this of the inlet mixtur
velocity, the flame without hydrogel
addition cannot be sustained inside the mi
reactor. This behaviour seems to depend
the combustion nature which takes place
the microreactor. As seen in Fg7 ab,

increasing the inlet mixture velocity reduct
the flow time scale compared to the reacti
time scale. Therefore, the flame locatic
moves towards the downstream of tl
reactor.Moreover, as shown in Fg7 cd,

the increase of inlet velocity has a gre:
influence on the formaldehyde distributic
and its peak values along the axis of t
micro reactor for various levels of hydroger
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Fig. 5.Variations in the flame location versus the wall thermal conductivity forreiffevalues of hydrogen addition to

methaneair mixture
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addition. By comparing Fig. 7c with Fig. 7
it can be inferred that the increase of ir
mi xture velocity pu
slightly towards the outlet. However,
i ncr easi ngmperdtuee amdaalisd th
fl ame- s stretching

value of the formaldehyde distribution ne
the wall will be more than itpeak value on
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the axis. Furthermore, it is seen that

increase of the inlet velocity from 2.8 m/s -
11.8 mé changes the peak values of t
formaldehyde next to the wall, so that, unlil
Fig. 7c, the peak value of formaldehyde
the case of (k1 0.01 and CH 0.031) is more
than its value in the case of £H).005 and
CH.: 0.041).
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Fig. 6. Temperature distribution along the axis and next to the wall of micro reactor in the gas phase (wall) (a) Vin=2.8
m/s (b) Vin=7.8 m/s (c) Vin=11.8 m/s
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Fig. 7. Distribution of OH and CH20 along the reactor axigl next to the wall in the gas phase (wall) (a,c) Vin=2.8 m/s

(b,d) Vin=11.8 m/s

Furthermore, it is known that at tt
constant equivalence ratio and flame spe
increased incoming premixed reactive flc
brings more heating energy to the combusit
zone This matter can be intensified |
increasing the heating value, the adiab:
flame temperature and the flame speed of
reactive mixture. In contrast, increasing t
reactive mixture velocity by much more thi
the flame speed can push the flame towe
the reactor outlet. Therefore, as shown in
8, an increase of the inlet mixture veloc
can increase the mass weighted average o
mole fraction of the various species such
CH,, OH, H, O, CHO, CH;, H,, CO, HO,,
HO,;, HCO and simultaneously dease the
mass weighted average of the mole fract
of the other species such agOHCQ, CHO
in the combustion zone of the micro react
These increasing and decreasing trends
strongly dependent on the hydrogen

addition level in tle incoming reactive
mixture. Furthermore, increased heating
the micro reactor wall can occur (Fig. 6) di
to a proper increase of the entrance mixt
velocity which can intensify theombustion
heat release rate in the micro react
Moreover, this isdue to the fact thal
increasing the inlet mixture velocity move
t he fl ame-s | ocat i

Therefore, the simultaneous effects of
higher heat release rate and flar
displacement can provide a suitak
opportunity for increased preheating the

fresh incoming mixture before it enters tt
flame zone. Increased preheating c
increase the flame temperature and also
dissociation intensity of the chemical speci
in the flame zone. Furthermore, due to t
dependence of the species dissooratrate
on the flame temperature and the heat Ic
the increase of flame temperature leads to
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