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One-Dimensional Numerical Investigation of a
Cylindrical Micro-Combustor Applying
Electrohydrodynamics Effect
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Abstract—In this paper, a one-dimensional numerical approach is
used to study the effect of applying eectrohydrodynamics on the
temperature and species mass fraction profiles aong the micro-
combustor. Premixed mixture is H,-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 eectrodes
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

|. INTRODUCTION

N the recent researches, many MEMS-based (Micro

Electromechanical Systems) devices such as micro gas
turbines [1], micro reciprocating engines [2], micro
thermophotovoltaic systems [3, 4], micro fuel cels [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
guenching mechanisms are important. Fernandez-Pello [6]
reviewed some of the technological 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 scale
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 numerica simulation are in good
agreements. Li et al [9] developed a 1D modd to demonstrate
the effect of combustor size, fuel property, fuel-air
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 eectrohydrodynamics
(EHD). Bushnel [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 naturd
convection by using EHD initiated in 1962 by Lykoudis and
Yu [14]. They studied natural convection between a cold
cylinder and a hot wire a center of cylinder. Also, they
applied a non-uniform electric field. They concluded that heat
transfer enhances with secondary flow produced by electric
force. Yabe et al. [15] developed a model for investigation of
the dissolution and the experimental corona wind effect. In
their research, they used an slender 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 numerical 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 numerical 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, vibradiod
spark. Corona can b the form of radiation or flowing wit
the effect of exerting positive voltage. Flowingrfo almosi
occurs when high or low voltage exerts that ther@ization
state but radiation form occurs when medium voltegerts
and it observes in the steadiate flows. Negative voltac
results are different with these results completelgwever
since positive voltage lead to phenomenon becotaksesanc
also has many application, almost it used in refedn high

powers, joule heating that converts eric energy to heat
energy leads taeduction the efficiency. Figl shows the

physics of the corona mechanism.

n
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Fig. 1 rona discharge initiation []

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

Implementation of this method is simple and onlgd®one
electric converter and electrodes.

Heat and mass transfer coefficients can regulawlgiby
electric field intensity.

In many applications consumption of electric enasgipw.

Positive and negative corona mechanisms seem
together. A natural atom or molecule in the regith high
electric field (for example a region with high dléc potential
near the sharp electrode) ionized by an externdlvengfor
example photon interactions). Fig.2 shows coronehaeism
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Fig. 2(a) Electrical breakdown; (b) recombination upkeep of
the discharg [19]

So electric field affects these ionized particlad arevent:
the adhesion of particles together. Moreover, it aacelerat
the particles which enhance the kinetics energyh\fifect 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 achk
produces. The positive and the negative coronaased ot
this electron avalanche.

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

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

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

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

Edablishment of negative corona is more complex
positive corona. This type of corona also initiatby
production of external ionization. lonized Electsonvith
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 ebest is
photoelectric phenomenon from electrode surfaceerdsr
source for released electrons is photon with higgrgy
Principle difference between positive and negatiemna is
the method of producing secondary electrons. Inpibsitive
corona, secondary electrons produce by gases arthe
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plasma region and released electrons move to plasutan
the negative corona, they are produced by elec@odemove
out.

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

I1. 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 diamig
very small in comparison with the reactor lengtierefore the
temperature in radial direction is assumed to bestzmt.
Therefore, it is in good agreement with the 1D agsion.
The heat transfer to the upstream by the solid eailduction
is neglected in the present work.

In this work, one and two electrodes have been tsed

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

=

01 Teo
electrodes

i

Tins Uins Pin i
) . )
£=6mm d=1mm

—
—
he ) Teo
Fig. 3Schematic of cylindrical reactor and electrodegliisehis
work

B. Ehd Equations

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

O.(,E)=q 1)
The relation between electric field density andagé is:

E=-0V )
And the charge continuity equation is:

0J=0 (3)

Where J is charge density has been obtained from ol}:l

formula:
J=qgbE+qu 4)
Two right hand side terms of (4) are ion movabilayd
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

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

0&v =-2 (5)
£

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

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

Where \4 is the applied voltage to wire electrodes apésq
charge density on surface of wire electrode thédinbd from
peek formula [20]:

l,J

wYp

x107

qO = 5 1 (8)
rorf[305+9( 2]

Where 5 is % , T,=293 k, R=1.1410°, T combustor
temperature, P combustor pressugeavkrage electric current
density on platesylwire to wire distance, b mobility, r corona
wire radius and f is roughness. Roughness for cléees is 1.
Using corona discharge in this work adds a terro the

energy equation generally:

oT , o(uT) _ 0°T qu2 ©
ot ox 6x2 PC,
However, this term adds to special forward energy

equations that discuss in next sections.

C.1D Model Equations and Solution Method

Continuity, energy transport and species mass pmahs
equations in the transient 1D model form an Adwecti
Diffusion-Reaction (ADR) system of equations. Besmawe
assumed that wall of combustor is inert, the gdgat®n and
the work of viscous and pressure forces can beentgl.
Thus, energy and mass balance equations are awgoll

pC (pCu ZpCkaDY]DT—

Pt
(10)
(AOT) Zth
pdim(puv )=0(pD OY, )+ W (11)
dt k k k

In the present work, the flow is laminar and thessure
loss along the combustor is neglected. Also, amothe
ssumption of this work is that the reactants armbycts
species are ideal gases. Therefore, density aratityelare
obtained from the foIIowing equations:

12
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uin (Area)in 'Oin
! (Area)J Pi

311

In the above equations, energy equation, speciess ma

transport equations and reaction rates are couggedach
other.
conventional CFD methods causes some difficulty. |
addition, a multi-step chemistry mechanism is ugduls, the
reaction rate calculation results in a stiff systefrODES. In
the present work, to solve these equations simedtasly, 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 PiEs two
non-stiff systems of PDEs and two stiff systemsGiDEs.
Stiff systems of ODEs are solved by VODE methodriglae-
coefficient Ordinary Differential Equation) [17].h€ solution
procedure is as follows:

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

energy and mass balance equations without theigaact

terms for the first half of time-step:

pCp£+(pCpu—zK:pCp’kD DYKJDT* =007 )+ gz (14)
ay, .
,od—k+D(,0uY )=0(pD OY; ) (15)

Wheret, <t <t , and initial conditions are as below:

1
n+=

(16)
Reaction (R): In this step, with consideration aflyothe

reaction term in the whole time-step, the equati@thice
to:

pC, dL:-Z h W, 17)
k=1
dy, _
W 18
a 4o

and initial conditions are as below:

o w=xx.]

wheret, <t <t ,;
=T,
2

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

e o o o e

. (19)

Solution of above system of equations with

dy,” o\ _ -
s +0(puy," ) =0(pD OV, ) (21)
wheret | <t <t and initial conditions are as follows:
n

+=
2

T (tnij T (t), (tm;] ¥ (t)

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

Tn+1 :Tm (tn+1) , Ykn+1 :Ykm (tn+1) (23)

The above procedure is repeated iteratively uetiching

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 idensd:

n

ok

= Yk = (22)

K K

DVeXe = D VX s (=12, (24)

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

|

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

where the right hand side terms are:
Vg =V —V,, (26)

=(g{aki [Xk]j[kﬁ lj[xk] =k, lj[ X ] j(27)

where the forward reaction rate constants calctitara the
Arrhenius equation:

-E.
k. =AT*” exp(—L- (28)
fi i p(RCT )
The reverse reaction rate constants are:
, = @9)
kCi
P ivk\
K. =k (—amyi (30)
Ci Pi (RT )
S° AH°
k. = — 1 — | 163
o A
AS® &SP
=Yy, S (32)
R kZ; “ R
AH® & H?
= V.. K (33)
RT 2 Vi RT

[o]

SC_a InT, +a,T, + 2724 803 +a5kT +a, (34)
R 2 3

He _
RT,

aik a2kT +a3kT + 4kT +aSkT +a6k (35)
2 3 4 T,
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The above equations form a stiff system that sollgd
using VODE method.

E. Thermophysical Properties

In this work, as used by Kaisare and Vlachos resef8],
the thermal diffusivity of the gas mixture is assdrto be
constant. This value is considered to be. Gas ptiasenal
conductivity is calculated from the mixture averggemula
[18]:

K
> AKy et (36)

=2
« 2 X /A
k=1

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

Ay, =2.66x 10T ®- 5.8x 10T *+

(37)
4.18x 10°T + 6.6« 10
Ao, =1.76x 10%T *- 3.6% 10T °- 9)
1.07x 10°T + 8.6& 10T + 1.79 1€
Ay o =-1.30x10%T *+ 6.5& 10T *+ 39)
4.51x 10°T - 1.34 10

Ay, =8.43< 10T “+ 1.8& 107 °*-

? (40)

5.24x 10°T 2+ 9.7% 10T + 8.86 It

Also molar heat capacity is obtained from the failog
equation:
C o]

?pk = aﬂ-k + aZka + a’\kaZ + aAka3 + aSka4 (41)

The above coefficients are similar to the coeffitseused in
(34) and (35).

[ll. RESULTSAND DISCUSSION
The effect of convective heat transfer coefficieon
temperature and mole fractions profiles are ingaséid in the
following three cases. One of these cases is chgcltie

micro-combustor without applying EHD method. Anathe

case is applying EHD method using one electrodmicro-
combustor that is located at the center of it dredlatter case
is applying EHD with two electrodes that are lodatt one
guarter and three quarter of micro-combustor
respectively.

Because of micro-scales domain and to prevent mgebf
micro-electrodes, applied voltage must not be mhigh. For
this reason, in this study, applied voltage is 206i0.

length

2517-9950
No:7, 2012

A computational grid independency test is performiBake
temperature profile for 71, 141 and 211 nodes amwa in
Fig. 4. As can be seen from this result, 141 nodes
preferable number of grids [21].

1600
1400

1200 H

X,
i<
> 1000
5
@
£
|0_) 800
] 71 Nodes
141 Nodes
600 A 211 Nodes
400 |-
i P - P -
0 0.002 0.004 0.006 0.008
x[m]

Fig. 4 Temperature profiles for different numbegafis [21]

Temperature profiles with different convective hizansfer
coefficients ( h=5,10,20 W/(fK) ) are exhibited in Fig. 5-6.
These figures show that applying electrodes canareh
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-bastor
by electrodes is high enough that its temperatisesrto
desirable value. Also, it can be seen that maximamd
average temperature along the micro-combustor esigan
using EHD method.

1600
1400
1200

1000

——m—— With EHD and 2 electrodes

Temperature [K]
[es]
S

— @ WithoutEHD

600 -

400

I TSI ENTTEI RSN EUEE |
0002 0003 0004 0005  0.006
X [m]

I B
0.001

Fig. 5 Temperature profile at hz%(—l()
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—__m WithEHD and 2 electrodes

500 [ — @& Without EHD

400
ERTERI IAVERTRIRTIN EATEATITEN i SN NI IR |
0001 0002 0003 0004 0005  0.006
X[m]

Fig. 6 Temperature profile at hzl%)

Alternatively, [OH] mole fraction in different coeetive
heat transfer coefficients using three cases awsin Fig. 8-
10. It can be seen that this mole fraction pra§laigher in the
case of applying EHD than using without EHD methal$o,
using two electrodes can increase this profile ntba& using
one electrode.

The average temperatures in the case of h=5 ar@ K27
1430 K and 1570 K for the case of no EHD, one ebelet and
two electrodes, respectively. These values in #se of h=10
are 1010 K, 1130 K, 1260 K and in the case of ha#0751
K, 914K, 1120 K.

1400 ——=—— with EHD and 2 electrodes

——&—— without EHD
1200

1000

Temperature [K]
(o]
8

o

=3

o
T

400 -

I SRR BRATTRTATEN BTN SRR MR ST |
0001 0002 0003 0004 0005  0.006
X [m]

Fig. 7 Temperature profile at hzzﬁ)

0.003 |- | \“
. |
2 I
g I
£ o0.002H]
29 - ——=—— Wwith EHD and 2 electrodes
o I
:E: ——&—— without EHD
(o]
0.001
o 0001 0002 0003 0004 0005  0.006
X [m]
Fig. 8 [OH] mole fraction profile at h-%{)
0.003 |-
0.0025 -
s
% 0.002|-
& i
%0.0015 L — @ with EHD and 2 electrodes
g r
g I ——e—— without EHD
0001 H
0.0005 H
o 0001 0002 0003 000 1006
X [m]
Fig. H] mole fraction profil h=1
g. 9 [OH] mole fraction profile at %)
0.0025 |-
0.002 |-
c r
S I
B L
Eo.0015 s WithEHD and2 electrodes
= r
g I —e—— without EHD
£ i
T 0001
0.0005

; /006
X [m]

Fig. 10 [OH] mole fraction profile at hZZQK—K)

Furthermore, ¢,] and [H,] mole fractions in different
convective heat transfer coefficients in aforenmmred three
cases are shown in Fig. 11-16.
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Fig. 11 mole fraction profil h=
g [02] mole fraction profile at 5"—%)
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Fig. 12 mole fraction profil h=1
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Fig. 13 [0,] mole fraction profile at h:Z%)
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Fig. 14 [H,] mole fraction profile at h—%)
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Fig. 16 [H,] mole fraction profile at h=201%)

IV. CONCLUSION

In the present work, one dimensional numerical apghn
has been studied to investigate the effect of apgl¥EHD
method on the micro-combustor temperature profilé fame
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guenching. Three cases performed in this work namsing
one electrode, two electrodes and the case of rD. HHese
cases applied
coefficients. A multi-step chemistry mechanism fdg-air
mixture is considered. Also, the lateral convectibpat
transfer with the surrounding is considered.

The numerical results show that using EHD method cd20] Peek, F.W.,

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

Moreover, results illustrate that flame zone iia tregion
that located near the micro-combustor inlet andeasing the
convection heat transfer coefficient reduces thmapt&rature
and radical species concentrations profiles irfldrae zone.

REFERENCES

[1] Waitz ILA., Gauba G. and Yang S.T., 1998, “Combissfor micro-gas
turbine engines”, Journal of Fluids Engineering) {2998) 109-117.

[2] Jin P., Gao Y.L., Liu N., Tan J.B. and Jiang K.080"“Design and
fabrication of alumina micro reciprocating engindburnal of Physics:
conference series, 48 (2006) 1471-130.

[3] Lee K.H. and Kwon O.C., 2008, “Studies on a heaircelating
microemitter for a micro thermophotovoltaic syster@bmbustion and
Flame, 153 (2008) 161-172.

[4] Yang W.M., Chou S.K., Shu C., Xue H., Li ZW., LiD and Pan J.F.,
2003, “Microscale combustion research for applaratito micro
thermophotovoltaic systems”, Energy Conversion ktahagement, 44
(2003) 2625-2634.

[5] Vahabi M. and Akhbari M.H., 2009, “Three-dimensibsinulation and
optimization of an isothermal PROX microreactor féuwel cell
applications”, International Journal of Hydrogenekgy, 34 (2009)

1531-1541.
[6] Fernandez-Pello A.C., 2002, “Micro-power generationsing
combustion: Issues and approaches”, Twenty-Nintherfational

Symposium on Combustion, July 21-26, 2002, Sappkaean.

[71 L zZW., Chou S.K., Shu C., Xue H. and Yang W.M.00B,
“Characteristics of premixed flame in microcombustaith different
diameters”, Applied Thermal Engineering, 25 (2003} -281.

[8] Kaisare N.S. and Vlachos D.G., 2007, “Optimal readimensions for
homogenous combustion in small channels”, Catalysisiay, 120
(2007) 96-106.

[9] LiJ., Chou SK, LiZ. and Yang W., 2008, “Devetognt of 1D model
for the analysis of heat transport in cylindricalcra-combustors”,
Applied Thermal Engineering.

[10] D. Bushnell, Turbulent drag reduction for exterfialvs, AIAA Paper
1983-0231, Reno, USA, January 1983.

[11] M.R. Malik, L. Weinstein, M. Hussaini, lon wind draeduction, AIAA
Paper 1983-0231, Reno, USA, January 1983.

[12] F. Soetomo, The influence of high-voltage dischamgéat plate drag at
low Reynolds number air flow, M. S. Thesis, lowat&thniversity,
Ames, lowa, 1992.

[13] A. Soldati, S. Banerjee, Turbulence modification layge scale
organized electrohydrodynamic flows, Phys. Fluid7)0(1998) 1742—
1756.

[14] Lykoudis, P.S., Yu, C.P., 1962, The influence @fctlostrictive forces
in natural thermal convection, international jouro& heat and mass
transfer, 6, 853-862.

[15] Yabe, A., Mori, Y., Hijitata, K., EHD study of cona wind between
wire and plate electrodes, AIAA J., 16 (1978) 3453

[16] Sportisse B., 2000, “An analysis of operating tiplit techniques in the
stiff case”, Journal of Computational Physics, 1640—168.

[17] Brown P.N., Byrne G.D. and Hindmarsh A. C., 1988/0ODE, a
variable-coefficient ODE solver”, SIAM Journal ofci€ntific and
Statistical Computing.

to difference convective heat tra"‘5fﬁ8] Marthur S., Tondon P.K. and Saxena S.C., Molecphysics, 12:569

(1967).
Junhong Chen, "Direct-Current Corona Enhanced GtedrRieactions”,
Ph.D. Thesis, University of Minnesota, USA. AugR802.

[19

Dielectric Phenomena in high-voltagegiregering,
McGraw-Hill, New York, (1929).

[21] Irani R. A., Saediamiri M., Saidi M.S., Saidi M.kind Shafii M.B., “one
dimensional numerical investigation of a cylindticgicro-combustor”,
ASME Summer Heat Transfer Conference July 19-23)920San
Francisco, California USA.

1123



