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One-Dimensional Numerical Investigation of a
Cylindrical Micro-Combustor Applying
Electrohydrodynamics Effect
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Abstract—In this paper, aone-dimensional numerical approach is
used to study the effect of applying dectrohydrodynamics on the
temperature and species mass fraction profiles aong the micro-
combustor. Premixed mixture is Hy-Air with a multi-step chemistry
(9 species and 19 reactions). In the micro-scale combustion because
of the increasing ratio of areato-volume, thermal and radica
quenching mechanisms are important. Also, there is a significant heat
loss from the combustor walls. By inserting a number of e ectrodes
into micro-combustor and applying high voltage to them corona
discharge occurs. This leads in moving of induced ions toward
natural molecules and colliding with them. So this phenomenon
causes the movement of the molecules and reattaches the flow to the
walls. It increases the velocity near the walls that reduces the wall
boundary layer. Consequently, applying electrohydrodynamics
mechanism can enhance the temperature profile in the micro-
combustor. Ultimately, it prevents the flame quenching in micro-
combustor.

Keywor ds—micro-combustor € ectrohydrodynamics, temperature
profile, wall quenching

I. INTRODUCTION

N the recent researches, many MEMS-based (Micro

Electromechanica Systems) devices such as micro gas
turbines [1], micro reciprocating engines [2], micro
thermophotovoltaic systems [3, 4], micro fue cells [5] etc.
need a high-density micro-power supply to operate. Micro
combustion is one of the best ways to provide this power. The
superiority of this micro-power source to conventional
batteries is its higher energy density in comparison with
batteries. One of the basic components of a micro-power
system is the micro combustor that uses the oxidant-fuel
mixture to rel ease desired energy. In the present work, because
of high areato-volume ratio, both therma and radical
quenching mechanisms are important. Fernandez-Pello [6]
reviewed some of the technologica details related to micro
combustion and micro power generation devices. Modeling
and simulation of the micro-scale combustion systems has
been discussed by many researches recently. Although Li et a
[7] concluded that the reacting flow in the micro scade
combustion is 2D in nature, but 1D simulation is used in many
researches to evaluate the effect of different parameters on
micro scale combustion.
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Also, Kaisare and Vlachos [8] showed that the results of
both the 1D and 2D numerical simulation are in good
agreements. Li et al [9] developed a 1D model to demonstrate
the effect of combustor size, fuel property, fuel-ar
equivalence ratio and unburned mixture temperature on the
heat loss ratio and heat recirculation ratio. They concluded
that the hydrogen is more suitable in comparison with the
methane and propane due to its higher flame temperature and
thinner flame thickness.

Another key issue of this work is electrohydrodynamics
(EHD). Bushnd [10] and Malik et al. [11] reported severd
ionic wind velocities affected drag reduction. Soetomo [12]
demonstrated experimentally that induced AC and DC corona
discharge along aflat plate, in the case of flow velocities up to
2 m/s, results in the drag reduction. Soldati [13] observed
numericaly that increasing EHD flow intensity reduces the
drag. Also, the heat transfer enhancement in natura
convection by using EHD initiated in 1962 by Lykoudis and
Yu [14]. They studied natural convection between a cold
cylinder and a hot wire at center of cylinder. Also, they
applied a non-uniform eectric field. They concluded that heat
transfer enhances with secondary flow produced by electric
force. Yabe et d. [15] developed a model for investigation of
the dissolution and the experimental corona wind effect. In
their research, they used an dender wire for anode and a plate
for cathode. They observed that there are positive ions in the
whole of the region except near hot wire. They estimated
electric potential by numerica methods. Consequently, they
showed that the corona wind produced by Coulomb force
induced to ions and natural gas molecules.

In the present work, a 1D numerica method is used to
investigate EHD application affecting combustion in micro
scales. A home-made 1D transient code is developed to do
simulations. The burning mixture is H—air with a detailed
reaction mechanism of 9 species and 19 reactions.
Furthermore, heat transfer with the surrounding along the
combustor walls is considered. Temperature and species mass
fraction profiles are plotted for different heat transfer
coefficients and different number of electrodes at steady state
condition. As can be seen from the results of the present work,
they used to locate the flame zone in micro-scales. Also, effect
of various parameters on therma behavior of a micro
combustor can be compared and only highly effective of them
choose to design. For example in many applications,
generating heat near the region of interest is important in
devices. Consequently, locating the point with the highest
temperature is desired [21]. This phenomenon is similar to a
jet with low velocity flows to earth electrode and applicable to
complex geometries for enhancing heat transfer.
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In this method, there are no excess sound, vilragiod
spark. Corona can ke the form of radiation or flowing wit
the effect of exerting positive voltage. Flowingrfo almosi
occurs when high or low voltage exerts that then@mization
state but radiation form occurs when medium voltagerts
and it observes in the steadiate flows. Negative voltag
results are different with these results completblgwever
since positive voltage lead to phenomenon becomaétesanc
also has many application, almost it used in re$edn high
powers, joule heating that converts eric energy to heat
energy leads tgeduction the efficiency. Figl shows the
physics of the corona mechanism.

M

discharge electrode

= positive ion
electrons

“~high energy photon

photoelectric effect

\ ground electrode

Fig. 1 Grona discharge initiation []

Corona wind leads to riot the boundary layer
consequently improves the dte transfer in the mic-
combustor which prevents wall quenching. This pineg@on
called EHDenhanced heat and mass transfer. [
Advantages are as follow:

Implementation of this method is simple and onlgagone
electric converter and electrodes.

Heat and mass transfer coefficients can regulat@lgiby
electric field intensity.

In many applications consumption of electric enasgipw.

Positive and negative corona mechanisms seem
together. A natural atom or molecule in the regiath high
electric field (for example a region with high dléc potential
near the sharp electrode) ionized by an externalvedgfor
example photon interactions). Fig.2 shows coronehaeism

discharge electrode

= positive ion

electrons
# inelastic collisions
——= Coulomb forces

\

ground electrode

@)
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Fig. 2(a) Electrical breakdown; (b) recombination upkeep of
the discharg [19]

So electric field affects these ionized particled grevent:
the adhesion of particles together. Moreover, it aacelerat
the particles which enhance the kinetics energyh\&ffect of
energized electrons with high cge to mass ratio and high
acceleration, a number of produced ions impact atural
atoms. This chain continues when an electron avhk
produces. The positive and the negative coronsased ot
this electron avalanche.

Positive corona initiates fronhe region with high electric
potential. In this type, the sharp electrode hastipe voltage
and the electrode with lower curvature has groualiage.
The ionized Electrons move to the electrode witighl
curvature.

In the positive corona, the produmn of the secondary
electrons for avalanche is continuing in the flaidd in the
region out of the plasma. The electrons which aoelyce by
the ionization of natural gas molecules attract stoarp
electrode and plasma. Therefore, many avalancloekipe

Positive corona region has two sections. One ofd
sections is the Inner region. This region involpesitive ions
electron, electron avalanche and plasma. The oatgon is
the other section of positive corona that involaesumber o
positive ians with low velocity moving to positive electroc

The two regions have a common zone. In this :
secondary electrons that produced by photons exig
plasma move to plasma region. Inner region calllzdnpa
region and outer region called «pole.

Edablishment of negative corona is more complex -
positive corona. This type of corona also initiatbg
production of external ionization. lonized Electsomvith
natural gas,are unsuitable for production of second
electrons that produce electron lanche; because these
electrons move to positive electrode. However, rfegative
corona the way of production of the secondary sebest is
photoelectric phenomenon from electrode surfaceerdyr
source for released electrons is photon with higgrgy

Principle difference between positive and negatiemna is
the method of producing secondary electrons. Inpibstive
corona, secondary electrons produce by gases arthe
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plasma region and released electrons move to plasatan
the negative corona, they are produced by electaodemove
out.

Negative corona can divide by three regions. Initimer
region high energized electrons impact with natatams and
cause production of the electron avalanche. Irothier region
the negative ions produced. In the middle regiberd is no
sufficient energy to produce the electron avalanblgit is a
partition of plasma and has plasma properties.rinegion is
the ionized plasma and the middle region is notizizh
plasma. Also, outer region is one-charge region.

Il. COMPUTATIONAL DOMAIN, FORMULATION AND SOLUTION
METHOD

A. Computational Domain

In this study, a cylindrical reactor is used as vamo
schematically in Fig. 3.

As can be seen from the Fig. 3, the combustor diamige
very small in comparison with the reactor lengtierefore the
temperature in radial direction is assumed to besizmt.
Therefore, it is in good agreement with the 1D agsion.
The heat transfer to the upstream by the solid e@iduction
is neglected in the present work.

In this work, one and two electrodes have been used

combustor transversely that electrode positions faoen
outward of plane toward in the plane. Electrodessiiown in
the Fig.3 with bold points at center of combustor.

=

w1 Te

electrodes

Il

Tin) Uin ) Pin l
) . —
£ =6mm d = 1mm

—
—
he,Te
Fig. 3Schematic of cylindrical reactor and electrodesiusehis
work

B. Ehd Equations

From electric field and charge density relationse do
corona effect, this equation produced:

0.(5E)=q

The relation between electric field density andagé is:

(1)

E=-0V 2
And the charge continuity equation is:
0J=0 (3)

Where J is charge density has been obtained from ofgi

formula:
J=qgbE+qu (4)
Two right hand side terms of (4) are ion movabiliyd
charge displacement respectively. From order of nitade,
lon velocities, bE, are higher order of magnitudenpare to
the fluid velocity, u. thus, we can relinquish thecond right

International Scholarly and Scientific Research & Innovation 6(7) 2012

1178

term of (4). Also, (1) combined with (2) and thenef this
equation obtained:

mRY; =—% (5)

In addition, if all of these equations combine thge, an
important equation obtained:

q° =&(0V.0q) (6)
Boundary conditions on wire electrodes are:
g=0q, andV =V, (7

Where \{ is the applied voltage to wire electrodes apikq
charge density on surface of wire electrode th&tiobd from
peek formula [20]:

[ J
qO = =P 5 1 X10_5 (8)
7brf [300 + 9(? 2]
Where 5 is %’ , T,=293 k, R=1.1§10°, T combustor

temperature, P combustor pressugeavkrage electric current
density on plates,,Iwire to wire distance, b mobility, r corona
wire radius and f is roughness. Roughness for cléggs is 1.

Using corona discharge in this work adds a terro the
energy equation generally:

oT A(uT) _ _0°T  qgbE?
~ + =q +
ot  ox ox*  pC,

However, this term adds to special
equations that discuss in next sections.

C.1D Model Equations and Solution Method

Continuity, energy transport and species mass gahs
equations in the transient 1D model form an Adwecti
Diffusion-Reaction (ADR) system of equations. Besmauwve
assumed that wall of combustor is inert, the gdgten and
the work of viscous and pressure forces can beentsl.
Thus, energy and mass balance equations are ewgoll

9)

forward energy

dT < _
pa{pcpu—;pcpp DYKJDT =
. ) (10)
0.(A0T) = > ho,
k=1
pdim(pu\( )=0(pD 0¥, ) +ww (11)
dt k k k

In the present work, the flow is laminar and thegsure
loss along the combustor is neglected. Also, amothe
ssumption of this work is that the reactants armbyrcts

species are ideal gases. Therefore, density armtitelare

obtained from the following equations:

1 lprse

12
10 P k=1 Wk ( )
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u,(Area) o dy,” - -
j — m( )m Pin 3 P k +|:|(pUYk ): D(,OD DYk ) (21)
(Area)j '01'
In the above equations, energy equation, speciessma ... , <t<t,,, andinitial conditions are as follows:

transport equations and reaction rates are cougdedach
other.
conventional CFD methods causes some difficulty.
addition, a multi-step chemistry mechanism is ugduls, the
reaction rate calculation results in a stiff systeffODESs. In
the present work, to solve these equations simettasly, the
Operator Splitting (OS) method is used. The metbbthis
solution is dividing a system into subsystems tbah be
integrated in time [16]. Splitting technique hasotwnain
schemes: first order scheme (linear), and secondigirer
order scheme (non-linear). The above equations nare
linear. Therefore, the Strang Splitting method Whits
preferable for nonlinear stiff system of PDEs, &ed. This
method divides the nonlinear stiff systems of Px#e two
non-stiff systems of PDEs and two stiff systemsGiEs.
Stiff systems of ODEs are solved by VODE methodrijfde-
coefficient Ordinary Differential Equation) [17].h€ solution
procedure is as follows:

Advection-Diffusion (A-D1): In this step, the salons are

energy and mass balance equations without theioaact

terms for the first half of time-step:

qr

o, S +(pCpu —ipCkaD DYKJDT* =0.(A0r ) +ope (14)

p%kﬂ(puY[) =

Wheref <t <t

O(pD O, )

, and initial conditions are as below:

Solution of above system of equations with

n+>
2

e ()

After all these three steps are solved for one titep, the
new solutions are set as the initial conditionsnekt time-
step:

T™=T"(t,) . "' =Y (t..) (23)

The above procedure is repeated iteratively uegiching

steady state. To solve the A-D equations, the pdaver
scheme with an LU decomposition solver is used.

D.Combustion Modeling
A multi-step and general reaction mechanism is idened:

In

okk

Y

ok

Y

(22)

K K

zvki/\/k < zvki/\/k , (1=1,2,..1 (24)

k=1 k=1
The rate of production of each species is:

|

2) :zvkiqi , (k=1,..K) (25)

where the right hand side terms are:
Ve =V ~Vi (26)

(15) ¢ :(Zaki [X k]J(kfi Ifl[x W ‘- Kq lfl[ X G J(27)

where the forward reaction rate constants calcditata the

s Arrhenius equation:
* —Tn —\yhn —E.
T (t)=T" Y% (t.) =Y (16) Kk, =AT 4 exp(—L) (28)
R.T
Reaction (R): In this step, with consideration ailyothe The reverse reaction rate constants are:
reaction term in the whole time-step, the equati@mtice K
to: 0= (29)
Ci
pC,——= —Z h W, (17) .
ke =Kp (Z2) (30)
dYk RT
=WW (18) o 0
dt kn =exp S' ﬂ] 133
R RT
_— . i AS® & Sy
wheret, <t <t , andinitial conditions are as below: = ka_ Sk (32)
R & “R
ok _ _ * o K o
T (t,)=T (tml],\/k* (t,) =Y, (tml] (19) AH; -3, H (33)
2 2 RT & " RT

Advection-Diffusion (A-D2): This step is similar tgtep 1,
but the flow field is solved for the 2nd half oft-step:

,a:pdl—:+[,a:pu—K pkaDijDT” =00 ) +ope (20)
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o

S
?k:alklnTk+a2ka+a';"T + 43kT +a1k_|_ +a, (34)

H o
RTk

alk aZKT +a3kT + 4kT +a5kT +a6k (35)
2 3 4 5 T

k
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The above equations form a stiff system that sollbgd
using VODE method.

E. Thermophysical Properties

In this work, as used by Kaisare and Vlachos rebsef8],
the thermal diffusivity of the gas mixture is as®dnto be
constant. This value is considered to be. Gas ptiesenal
conductivity is calculated from the mixture averggemula
[18]:

K
S AKXy e (36)

A=2
= 2 XA
k=1

Thermal conductivity of H2, 02, H20 and N2 sped&s
assumed to be a polynomial function of temperatiiee
polynomial coefficients are curve fitting at themigerature
range (300-2200 K). Thermal conductivities of thieowe
species are calculated from below relations:

Ay, =2.66x 10T *~ 5.8% 10T *+

(37)

4.18< 10°T + 6.& 1T
o, =1.76x 10%T “= 3.6% 10°T *- 8)

1.07x 10°T %+ 8.6& 10T + 1.79 I¢

Avp =-1.30x 10T *+ 6.58 10T 2+

(39)
4.51x 10°T - 1.34 10
Ay, =8.43< 10%°T “+ 1.8& 10T -

’ (40)

5.24x 10°T *+ 9.7% 10T + 8.86 I¢

Also molar heat capacity is obtained from the failng
equation:

[o]

?pk =3y tay T, + aska2 + a4ka3 + aSka4 (41)
The above coefficients are similar to the coeffitcseused in
(34) and (35).

[ll. RESULTSAND DISCUSSION

The effect of convective heat transfer coefficieom
temperature and mole fractions profiles are ingaséid in the
following three cases. One of these cases is chgclie
micro-combustor without applying EHD method. Anathe
case is applying EHD method using one electrodmiicro-
combustor that is located at the center of it dedlatter case
is applying EHD with two electrodes that are lodatt one
quarter and three quarter of micro-combustor
respectively.

Because of micro-scales domain and to prevent mgetif
micro-electrodes, applied voltage must not be mhigh. For
this reason, in this study, applied voltage is 200i.
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A computational grid independency test is performEue
temperature profile for 71, 141 and 211 nodes amva in
Fig. 4. As can be seen from this result, 141 nodes
preferable number of grids [21].

1600
1400
1200

1000

(o]
o
o

Temperature [K]

= 71 Nodes

141 Nodes
211 Nodes

600 |- A

400 -

1
0 0.002

T T T
0.004 0.006 0.008
x[m]

Fig. 4 Temperature profiles for different numbegafis [21]

Temperature profiles with different convective heansfer
coefficients ( h=5,10,20 W/(fK) ) are exhibited in Fig. 5-6.
These figures show that applying electrodes canarmeh
temperature profile and also using two electroddseiter than
using one electrode to enhance it. In spite of eaing heat
transfer with EHD method, energy added in micro-bostor
by electrodes is high enough that its temperatisesrto
desirable value. Also, it can be seen that maximamdl
average temperature along the micro-combustor eeidan
using EHD method.

1600
1400
—1200

1000

——m—— Wwith EHD and 2 electrodes

goo [t

Temperature [K

@ WithoutEHD

600 -

a0

A IR T SRR IR B
0001 0002 0003 0004 0005
X [m]

.|
0.006

Fig. 5 Temperature profile at h=%)
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fa H o |
qé”- 800 1 :|E: ——e—— without EHD
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0.001 H
600 I — @ without EHD
400 s oy
N I A RIS R ST S | 0 0.001 0.002 0.003 0.004 0.005 0.006
0.001 0.002 0.003 0.004 0.005 0.006 X [m]
X [m]
Fig. 8 [OH] mole fraction profile at h=5—%)
Fig. 6 Temperature profile at h=1ﬁ%) mK
0003
Alternatively, [OH] mole fraction in different coeetive -
heat transfer coefficients using three cases arersin Fig. 8- 0.0025 -
10. It can be seen that this mole fraction prafileigher in the c -
case of applying EHD than using without EHD methaldo, g 0002f
using two electrodes can increase this profile ntloa@ using & -
one electrode. éo_oow:- @ with EHD and 2 electrodes
The average temperatures in the case of h=5 ar@ K27 I g ithout BHD
1430 K and 1570 K for the case of no EHD, one sbelet and 0 o001
two electrodes, respectively. These values in #se of h=10 y
are 1010 K, 1130 K, 1260 K and in the case of ha20751 0.0005
K, 914K, 1120 K.
B ob 0.001 0.002 0.003 0.00: .006
1400 — = with EHD and 2 electrodes X [m]
l ——8—— without EHD Fig. 9 [OH] mole fraction profile at h=19n—'&)
1200 '
g | i
‘;‘1000 1 0.0025 |-
= L r
® I ¥
[ I 0.002 |-
o L
g 800 .g 5
- B L
& 0.0015 ——a—— with EHD and 2 electrodes
600 [ 2 [
g I ——e—— without EHD
T o001 L
400 -
N R ST T B B
0001 0002 0003 0004 0005 _ 0.006 0.0005
X [m]
Fig. 7 Temperature profile at h:Zﬁ%) 0 500] 906

X [m]

Fig. 10 [OH] mole fraction profile at hZZ%!{—K)

Furthermore, ¢,] and |H,] mole fractions in different
convective heat transfer coefficients in aforenmmd three
cases are shown in Fig. 11-16.
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Fig. 11 [0,] mole fraction profile at h:%)
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Fig. 12 [0,] mole fraction profile at h—101;lc/_—K)
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Fig. 13 [0,] mole fraction profile at h=207—n%)
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Fig. 14 [H,] mole fraction profile at h:57—’£/—K)
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Fig. 15 mole fraction profile at h=1
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Fig. 16 [H,] mole fraction profile at h=2%)

IV. CONCLUSION
In the present work, one dimensional numerical aggh
has been studied to investigate the effect of apgpl{EHD
method on the micro-combustor temperature profile #ame
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quenching. Three cases performed in this work namsing
one electrode, two electrodes and the case of rid. HHese
cases applied to difference convective heat
coefficients. A multi-step chemistry mechanism fdg-air
mixture is considered. Also, the lateral convectibeat
transfer with the surrounding is considered.

The numerical results show that using EHD method cd20]

enhance the maximum and average temperature imitdre-
combustor and consequently, prevent flame quendinidpis
temperature rise along micro-combustor. Also ineordo
increase temperature profile, applying two ele@sots more
effective than one electrode. In addition, [OH] edtaction
profile rises with applying electrodes along micambustor.
By applying this method, there is no need for ugiatalyst to
prevent flame quenching.

Moreover, results illustrate that flame zone idia region
that located near the micro-combustor inlet andeasing the
convection heat transfer coefficient reduces thmperature
and radical species concentrations profiles irfldrae zone.
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