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This paper presents analytical solution to the transient combustion analysis for iron
micro-particles in a gaseous oxidizing medium using Daftardar — Gejji and Jeffari Method
(DJM). Also, parametric studies are carried out to properly understand the chemistry of
the process and the associated burning time. Combusting particle thermal radiation effect
and its linear density variation with temperature are applied. The generated analytical
solution obtained by DJM are verified with an efficient numerical (fourth order Runge —
Kutta, RK4) scheme. Results show that DJM is an efficient scheme for the problem. Also,
the parametric study performed in this work shows that as the heat realized parameter and
the surrounding temperature are increased, the combusting particle temperature increased
rapidly until an asymptotic behaviour is attained. This work will be useful in solving to a
great extent one of the challenges facing industries on combustion of metallic particles such
as iron particles as well as in the determination of different particles burning time.

Keywords: iron particle combustion; thermal radiation; temperature history;
Daftardar — Gejji and Jeffari Method.

Introduction

The combustion of metallic particles and accurate prediction of the burning period of
the combustibles have been the major challenges facing the metal processing industries.
Combustible dusts which approximates gaseous oxidizing media require an accurate
knowledge of their explosion hazards in order to make their importance to different
industrial application applaudable. As a result, researchers have ventured into better
understanding and modeling the particle and dust combustion. In a recent study, Sun
et al. [1] investigated the behaviour of iron particles when simultaneously combusted
and suspended in air. In their work, they considered the combustion zone and behavior
of each iron particles by employing a powerful high-speed photomicrograph with which
they were able to determine which iron particle combust at the combustion zone without
gas phase flame. They finally established a relationship between the burning time and
diameter of iron particles for moderate particle diameter. Haghiri and Bidbadi [2] applied
the principle of flame propagation to study the dynamic behavior of a two-phase mixture
which consists of micro-iron particles and air by considering the effect of thermal radiation.
They obtained results which show that the considered thermal radiation plays a significant
role in the improvement of vaporization process and burning velocity of organic dust
mixture, compared with the case where this effect is correspondingly neglected. Hertzberg
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et al. [3] examined combustible metal dust explosion limits as well as the influence of
external agents such as temperature and pressure. They argued that when this combusting
particles are properly conditioned and monitored, their merit will be greatly felt especially
in industrial applications. Different analytical approaches have been widely employing to
obtain close form solution to nonlinear engineering problems such as the tremendous work
done by Hatami et al. [4]. In their work, three weighted residual methods were applied
to properly predict the transient combustion of iron micro-particles. They concluded
that least square method gives the best result when verified with numerical method.
He [5] — [9] applied Homotopy perturbation method to different nonlinear engineering
problems. He also presented different approaches of improving the scheme in order to
handle some strongly nonlinear engineering and mathematical problems. Saedodin and
Shahababaei [10] applied homotopoy perturbation method (HPM) to study and analyze
heat transfer in longitudinal porous fins while Darvishi et al. [11] and Moradi et al. [12] and
Ha et al. [13] utilized differential transformation method (DTM) and homotopy analysis
method (HAM) to obtain close form solution to the natural convection and radiation
in a porous and porous moving fins with temperature dependent property and internal
heat generation. Sobamowo et al. [14] applied homotopy perturbation method to analyze
convective-radiative porous fin with temperature-dependent, internal heat generation and
magnetic field. They presented interesting results and the validation of their work proves
the efficiency of the scheme. Also, Yaseen et al. [15] developed an exact analytical solutions
of Laplace equation by using DJ method. They employed the iterative method in the
treatment of the Laplace equation considering both Diritchlet and Neumann conditions
with their results compared with some existing iterative methods.

Motivated by the previous works as mentioned above, this paper introduces an
analytical method whose close form solutions will be used for predicting and realizing
the temperature history of iron particle during and after burning, so DJM is applied. The
method agrees excellently with numerical Forth order Runge — Kutta method with minimal
error as compared to those of previous works; hence the verification of the schemes.

1. Problem Description and Governing Equation

Consider an iron spherical particle, Fig. 1 which is combusted in the gaseous oxidizing
medium as a result of high reaction with oxygen which acts as an oxidizer. The assumptions
used includes:

(a) particle is considered to have constant temperature (Isothermal);
(b) the Biot number is small (Bi < 0.1);

(¢) lumped system assumption is applied,;

(d) the spherical particle combusts in an ambient medium;

(e) interactions with other particles is neglected;

(f) forced convection effect are neglected,;

(g) constant thermo-physical properties for the particle and ambient gaseous oxidizer;
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(h) particle surface is assumed to be gray;

(i) the surface reaction rate is treated as temperature independent with a constant
convection heat coefficient;

(j) Kirchhofft’ slaw is invoked, hence the surface absorptivity («) and the emissivity (¢)
at a given temperature and wavelength are equal,

(k) particle density varies linearly with temperature as:
Pp = pz()T) = ppa [l + 68T = To)];

(1) ignition temperature is used as the initial condition (7¢=% = Tj).

By incorporating the above assumptions (a — i) and performing energy balance:

: : : dE d
FEin — Eout + Egen = d_tp = % (1>
Gaseous Media

E, = a0A T

7 surr

E

- h(nnt"”"s (! i T\-n)

out

Fig. 1. Schematic of combusted iron particle in gaseous media (Hatami et al 2014)

Representing the energy term [4], we have as shown below:

Ein = ao AT? (2)
Eou = hA* (T, — T,) + ec AT, (3)
Eqgen = Quy = RA™H, (4)

dQ, , (AT
a P (dt)s' (5)

put Egs. (2), (3), (4) and (5) into Eq. (1), we obtain
s4 cU AS s4 > AS cb dr

ac AT, — hA° (T, — T,) — ec A°T, + RA® (6h®") = pPcPo? = (6)
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In order to improve Eq. (6), the remaining assumptions are used.
Applying the above assumptions (5 — [), Eq. (6) becomes,

dT :
Ppa [l + B (T =T, VPc? (E) + WA (T, — T,) + ea A*(T) — Ts) — RA® (6R) . (7)

Introducing the following dimensionless parameters,

T T. T.
0=— 000 = _ll’ esurr = i, = TZL'?
T T, T =0 .
_ t w _ ch _ 80’712'3 ( )
T = (pp’avpcp/hchs)7 - hchsT;" €9 = hev

Using Eq. (8) in Eq. (7), the dimensionless form of Eq. (7) becomes,

do
(1+81(9—€1900)E+€1 (0" —0},,) +0—1— 0 =0 (9)

with initial condition

6(0) = 1. (10)

2. Methods of Solution

Due to the nonlinear terms in Eq. (9), it is very difficult to develop a closed form or an
exact analytical solution to the nonlinear equation. Therefore, the common practice is to
make recourse to numerical method. However, in recent time, several semi- or approximate
analytical methods have been developed to solve nonlinear equations. In this present study,

the nonlinear equation in Eq. (9) is be solved analytically using Daftardar — Gejji and
Jeffari Method (DJM).

2.1. Basic Principle: Daftardar — Gejji and Jeffari Method (DJM)

As pointed previously, the Daftardar — Gejji and Jeffari Method (DJM) is an
approximate analytical method for solving differential equations. However, a closed form
series solution or approximate solution can be obtained for non-linear differential equations
with the use of DJM. The basic definitions of the method is as follows.

Consider an equation with a functional of the form

A(t) =g (1) + N (A1), (11)

with g (t) being a known function and N (A (t)) representing the non-linear component of
the general form A (¢). It is desired to obtain a series solution of the form

A(t) =) A1) (12)
=0
The nonlinear operator N of Eq. (11) may be written in a decomposed form as
00 00 l -1
N(ZAj> :N(A0)+Z{N (ZAk> —N(ZAk)}. (13)
=0 j=1 k=0 k=0
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The general form as shown in Eq. (11) may then be written as

iAjngrN(Aon:{N (ZAk>—N<z_:Ak>}. (14)

Hence,
Ay =N (Ay),
Ay =N (Ag+ A1) — N (Ay),
A3:N(A0+A1+A2)—N(A0+A1)
A4:N<A0—|—A1+A2+A3>—N<A0+A1+A2) (15)
) — N (Ao + A1+ Ay + Aj),

As =N (Ag+ Ay + Ay + Ag + Ay) —

with a general solution of the form

t) = iAj. (16)

2.2. Method of Solution: Daftardar — Gejji and Jeffari Method (DJM)

Recall that the nonlinear governing equation as shown in Eq. (9) may be expressed
as

0D (10 D e (00 08,) 40—~ 00, 0(0) =L
dr dr

Grouping the coefficients, the above equation becomes:

df €1 do €9 4 1 ZZJ—FQ +€29
o=t Y =2 YA —— Yy surr 1
dr (1—51000) dr (1—51000) (1—51900) +( —at. ) U0

re-representing the coefficients, we have

do do
P 519— + Bab* + B30 + B, (18)

where

B £1 €9 1 Y+ O + 2904,
(o) e () e (i) (e 0a)

The leading term is obtained from the initial dimensionless ignition temperature as

0o = 1. (20)

The remaining term of the series solution will be obtained by applying the DJM
principle in Eq. (15) on the nonlinear Eq. (9) as shown below.
Since the combustion model is:

do do
i 51‘9— + Bo6' + B30 + B
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Integrating both sides to obtain the dependent variable for the L.H.S,
r(do
9:90+ ,819@"‘529 +639+ﬁ4 dr.
0
Using the initial condition,

0=1+ / (519d—9 + B26' + B30 + 54)

0

Now, as described in Eq. (15),

= / (ﬁleod—eo + Babl* + B3 + 54)
0

Using the initial condition,

01 = (Bo+ B3+ Pa) T

Making necessary substitution, we have

1 €9 ’17/) + 629 + 900
0, — [ — i surr ‘
! < 1—61900 1—61000+ 1_61000 )T
Similarly,
1+¢_€2+6205urr+9 )(_1+¢+62< 1+9§urr>+900>3
5(—1 4 €10x)°
1+¢_€2+€205urr+9 )(_1+¢+€2( 1+9§ur'r>+900>2 .
(—1 + 61900)4
(262 -1+ 77D — €2+ 620;1717"1" + 000) (_1 + 77Z) + € ( 1+ lem‘r) + ‘900))
‘92 = (—1 + 61900)3
B L+ (=1+¢)e+
—14+v—e+ 62(93urr +40 ) (62 (4 e+ Eleﬁum’ . 461900) )
4
2(—1+ €10,)°
—1 + ¢ — €9 + 62931”'7' 900)> -
. (—1 + 61000)

The resulting series solution is

T) = Zej,
j=0

(21)

(22)

(23)

(24)

(25)
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which in expanded form becomes:

1 €9 ¢ + 6294 + 000
=1 — _ surT
f (T) + ( 1— 61000 1-— 61(900 + 1— 61900 T
€2 (_]— + ¢ — €+ 62031”'7* + QOO) (_1 + w + € (_]' + 031#7") + 600)3 7_5
5(—1 4 €10s)°

14y i
B _ 4
e2(—1+1¢ — e+ by, +bx) (<€2 (—1+02,,) + 90o>) 4L
T
(—1 + 61900>4
(26)
—1+ o+
B _ 4
269 ( I+ w €2 + 6298’u,7’7‘ + 900) <(€2 (_1 + egurr) + 900)) 3+
T
(—1 + 61000)3

((—1 tY—et by, +0x) (1+(=1+9) e +e (4—61+619§W—4619oo))) 2
2(—14€10s)°
(61 (—14+vY -6 +626;:W +900)) e
(—1 + 61(900)

3. Results and Discussion

Fig. 2 depicts the verification of the analytical scheme used with a numerical forth
order Runge — Kutta. The scheme, DJM ascertain a good agreement with the numerical
method. In order to visualize the accuracy of the scheme, a super-imposed plot which
shows the temperature profile of a 20pum combusting iron particle is inspected as shown in
Fig. 2 together with Table. From the figure, it is evident that DJM shows a good agreement
with the Numerical scheme and as such is efficient for the problem in concern.

—— Particle diameter = 20pm (DJM )
—+— Particle diameter = 20pum (NUME RICAL)
1.145

f—————
1.6r 1145

+
013013 013 013

I I I I I I 1 1 1
01 0.z 0.3 0.s 0.5 0.6 0.7 0.8 0.5 1

Fig. 2. Verification of DJM with Numerical
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Table

Comparism of the two analytical scheme with a numerical method

for a 20 pm iron particle

0(r) for a Particle diameter of (um)

Numerical

DJM

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

1.000000000000000
1.113333969181095
1.215117348008129
1.306590963764452
1.388844932815013
1.462843666959360
1.529449065177065
1.589444597054137
1.643562984179010
1.692520185796611
1.737058395009000

1.000000000000000
1.113333969181095
1.215117348008133
1.306590963764455
1.388844932815017
1.462843666959367
1.529449065177069
1.589444597054139
1.643562984179017
1.692520185796617
1.737058395009900

3.1. Effect of Particle Diameter on the Temperature History

Fig. 3 and Fig. 4 depict the effect of the combusting particle diameter on temperature
profile and burning rate using DJM. From the graphs, it can be easily seen that particle
diameter have evident influence on the temperature profile. A particle with 60um diameter
was observed to possess a higher temperature profile which means that an increase in the
combusting particle diameter causes a corresponding increase in the temperature profile
as well as the burning time. As a result of this evident impact, the particle diameter may
be used as a controlling agent in reducing the hazardous effects that normally propagate

from iron particle combustion.

—+— Particle diam eter = 20um
g | —* Particle diam eter = 40um
—3— Particle diam eter = 60pm

Fig. 3. Effect of particle diameter on the temperature
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—+— Particle diameter = 20um
—— Particle diameter = 40um
—5— Particle diameter = S0wm

Fig. 4. Effect of particle diameter on the temperature Profile with DTM Profile with HPM

3.2. Effect of ¢; and ¢; on the Temperature History

Fig. 5 and Fig. 6 depict the influence of €; and €5 on the temperature profile. From
the figures, it can be seen that increasing €; and e, decreases the combustion temperature
with this effect more pronounced with €5. The decrease in combustion temperature with
a corresponding increase in €; and €, is as a result of an increase in the radiation heat
transfer term in the combustion particle.

—_—, = 0.0
26| —p—z. =0.03
—_——E, = 0.05

1.4204
1.4202

013015 0.15

Fig. 5. Effect of ¢; on the temperature profile
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Fig. 6. Effect of €5 on the temperature profile

3.3. Effect of the Heat Realized Parameter and Surrounding Temperature on
the Temperature History

Fig. 7 and Fig. 8 depict the influence of the heat realized parameter and the
surrounding temperature on the combustion temperature. From the plots, we can conclude
that increasing the heat realized parameter and the surrounding temperature increases
the combustion temperature. This increase is significant for the heat realized parameter
variation than that of the surrounding temperatures except for high values of surrounding
temperature.

—— =1
—— =2
—E— =4

[

(%]
1

Fig. 7. Effect of heat realized term on the temperature profile
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Fig. 8. Effect of surrounding temperature on the temperature profile

Conclusion

In this work, a study has been carried out for the determination of the temperature
history of iron particle during combustion process. The results of the DJM solution were
verified numerically. It was established that DJM gives a good result and is efficient for
the problem investigated. Also, parametric studies were performed to fully understand
how the combusting particle diameter, density, radiative term, heat realized term and
other parameters affect the burning time as well as the combustion temperature. The
results revealed that by increasing the heat realized parameter, combustion temperature
increased until a steady state was reached. It is hoped that the present study will enhance
the understanding of the combustion of the particle and also obviate the challenges facing
industries on combustion of metallic particles such as iron particles as well as in the
determination of different particles burning time.
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IEPEXO/HBINT AHAJIN3 TOPEHUY YKEJE3HBIX
MUKPOYACTUILL B TA3BOOBPA3HOI CPEJIE
OKWCJIEHHUSI C NCIOJIb30BAHUEM HOBOT'O
NTEPAIIMOHHOTO METOJIA

I M. Co6amoso, A. A. Hunyca

B macrosimeit pabore npecTaBIeHO aHATUTUIECKOE PEIeHne [IJIsi TIEPEXOTHOI0 aAHAJU-
3a TOpeHus MUKPOYACTHIL KeJie3a B ra3000pa3HONl OKHUCJIAIONIENl Cpejie ¢ UCIOJb30BAHIEM
metoa ladrapmapa — Teitmxku u xxedpdpu. Kpome Toro, /it mpaBUIbHOTO TOHUMAHUST
XUMUU TIPOIECCA U BPEMEHU M'OPEHUsT TPOBOATCI TapaMeTpuiecKue ucceaopanus. [lpume-
HSIOTCs 9D @EKT TEII0BOro M3J/Iy9eHnsl YACTHUIl TOPEHNsT U M3MEHEHNEe ero JUHEITHON II0T-
HOCTH B 3aBHCHMOCTH OT TemiepaTypbl. CreHepUpOBaAHHOE aHAJUTUIECKOE PEIIeHUe, OJTy-
Tenoe ¢ momorbio Metoma Jadrapmapa — leitoku u xedbdpu, mposepsercs 3¢dpdHekTun-
HOI Pa3sHOCTHOH cxemoii (ueTBepThIii opsinok Pynre — Kyrra). Pesynbrarsl nmoKasbBaor,
qro meron adrapmapa — leiymku u Ixeddpu sddekTuBer st pemreHusi paccMaTpu-
BaeMoit 3ay1aqn. Kpome Toro, mapamerpudeckoe HCCIeI0BaHue, IPOBEJIEHHOE B 9TON pabo-
Te, MOKA3bIBAET, YTO C YBEJIUICHHEM HU3MEPSEMOrO TEIJIOBOrO IMapaMeTpa M TEeMIIEPATYPBI
OKDY2KAIOIIENl CPeIbl TEMIIEPATYPa ropioYeil 9acTUIlbl OLICTPO BO3PACTAET M0 [TOCTUKEHUS
ACUMIITOTUYIECKOTO TOBeeHus. Pabora mMeeT OOJBIIOE 3HAMEHNE JIJIsT PEIeHus OHON u3
3aJ1a4, CTOSIIUX II€PeJ OTPACBIO IPOMBIIIJIEHHOCTH, ITPOU3BOJICTBA KOTOPBIX CBSI3aHBI CO
CXKUTAHUEM METAJIMYECKUX JaCTHIL (KeJIe3a), a TaKKe [IPH OLPEJIeJIeHIN BPEMEHU TOPEHNUs
PA3JIMIHBIX JACTHUIL.

Karouesoie cao6a: ceoparue 4acmuybt sHcesesa; meniosasi paiuayus; ucmopus memne-

pamyp; memod Jlapmapdapa — I'etidorcu u Jorcedpppu.
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