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ABSTRACT: In this paper, a new version of an existing burnmngdel of binary mixture c
magnesium and sodium nitrate particles has beesiagd. Modifying some parts of the model suc
particle burning time, thermo physical propertiéscombustion products, d the mixture density, tt
burning rate has been predicted. Then, the effeatomposition, magnesium particles size, in
temperature of the mixture, and pressure on bumgitgghas been discussed. Finally, using the sest
the model, the burnii rate ballistic parameters such as coefficient, egpty and temperature sensitiv
have been derived and compared to the existingriexpetal values. The comparison shows g
agreement between the predicted and experimerttirdaomposition and gssure dependencies of 1
burning rate
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INTRODUCTION

Combustior of magnesium (Mg) and its mixtures has differewlusstrial applications, such
using in pyrotechnic devices and as a fuel in splidpellants[1, 2]. Because of thes
extensive applications, there have been a lot wlis$ about the combustion mong of
magnesium and magnesium mixt.. These studies have been started si196( and
consisted of experimental and theoretical constaers[3]. Most experimental studies &
about the combustion of Mg particles with differgaseou({3-7] and solid xidizers[8-11].
There are also some studies about burning timebanung rate of magnesium patrticles ¢
their dependency to particle s, oxidizer specificatior, initial temperatur, and pressur[3].
The burning rate of binary mixtures of magnesiand sodium nitrate has been stuc
experimentally along with considering different wa$ of mixture ratio if8]. These result
have been compared to the predicted values of atytamal model in[11]. This model
predicts the burning rate of a binaryxture of magnesium and sodium nitrate as a funaifc
composition and particle sizes of ingredients wettinsideration of metal agglomerati
during combustion. The burning rate of -agglomerated part of the propellant can
computed using the mass tinuity equation and determined as fractionally gtxéd sum o
non-agglomerated and agglomerated parts of the mixflies model has been used
compute the burning rate as a function of mixtateor pressure, and particle s

There is also a mathetical model for predicting the burning rate of agnesium an
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sodium nitrate mixture i[12]. This model is based on heat flux conservation eguian the
burning surfac. In contrast with the model c[11], it uses a physical interpretation
phenomea leading to the combustion, such as heat of pblaaege, particle life time ar
trajectory. The summary of the two burning modelgestigated here, has been show
Table 1for comparisor

Because of ambiguities of model of refere[12], some modifiations have been done
order to more clarification. The calculated methofd the burning time of a movir
magnesium particle in a gaseous oxidizer was nabab. So, the burning time was obtait
using a metal droplets combustion model[13]. Also, the thermo physical properties
combustion products were considered constant. Bwyigughe chemical equilibriur
calculations[17], thermo physical properties have been derived aei tiependency to tt
mixture ratio, initial temperature and pressure been discussed. The density of the mix
has been stated as a function of the mixture ra¥ith these modifications the burning ri
will be closer to the existed experimental valukscording to this model the burning re
dependence to mixture ro, magnesium particle size, initial temperaturehaf mixture anc
pressure can be easily specifi

Tablel: Comparison of two Burning Rate Model for Binary Mixe of Magnesiur and
Sodium Nitrat:

Burning model ir[11] Burning model ir[12]

Basicequatiol Mass continuit Heat flux conservatic
Dependenc 1. Compositiol 1. Compositiol
2. Magnesium an 2. Magnesium patrticl
sodium nitrate size
particle siz: 3. Initial temperatur
3. Pressure of the mixtur:
4. Agglomeration o 4. Pressur
magnesium particle 5. Conduction an
5. Ignition delay tim: radiation heat flu
of magnesium an 6. Combustion o
sodium nitrat trapped magnesit
particles particles on thi
burning surface ¢
the mixture

7.Burning time of
magnesium particls

Using the modified model, an extensive study onlitming rate of the binary mixtures
magnesium and sodium nitrate has been conductedh #uxtures form pyrotechn
compound. The burning rate of sucompounds is, generally, a function of the mixi
composition, the combustion pressure, the sizeathhand oxidizer particles, and the ini
temperature. The obtained results give the depemerand the comparison with t
experimental data confits they are vali(
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COMBUSTION MODEL FEATURES

The system under consideration is a dense mechdnitay mixture of finely disperse
magnesium and sodium nitrate particles. A combustiodel of this binary mixture has be
shown in figurel. According tc this figure, three combustion zones e»

In zone , after melting of sodium nitrate 581 K, the dissociation of sodium nitrate take pl
in two possible ways. The first is the endotherdssociation of sodium nitrate to sodium nit
and oxygent 77K-97(K according to this reactic

NaNG; + Heat— NaNGC; + 720, T=77C-970K

At such low surface temperature the magnesiumctestare in condensed phase. An altern
endothermic process is the complete chemical dasmt of sodium nitrate to sodium oxid
nitrogen and oxygen according

NaNG; + Heat— NaC+ 22N\, + G T>1270K

This event is probable when the surface temperad@ehes t127( K [12]. It is believed tha
the distance of flame zone determines whicocess will take place. For high press
combustion, the flame zone is closer to the bursindace and the second process is r
probable. It is assumed that the chemical dissoniatf sodium nitrate happens based on
first proposed scheme

The nmagnesium particles are carried by the flow of poadugas (, or O, and N) outward of
the surface. These moving particles start to butih available oxygen in zone Il. The react
of magnesium and gaseous oxygen take place inenviexothermic prcess and forming Mgt
according t

2Mg + O; — 2MgO + Heat

The heat released from this reaction produces mecemposition of sodium nitrate partic
which leads to the increase of oxygen concentraiose to the surface. According to availe
oxygen, some magnesium may remain in this zone thitereactior These remained particl
have been shown in figul. After this reactive zor, the final products exist in the highi
temperature in zone Il
It is assumed some particles burn on the burnimtasl using the liberated oxygen. Th
particles aresomehow, not able to leave the burning surface amadtrapped on it. It wi
increase locally surface temperature and shaltite burning rat

1. In description of combustion model all of the magjom particles are consider

spherical with the sansize

2. The weights of magnesium particles and the sizewlizer particles are neglect

3. Flow field variations near the surface are effexton burning rate and the effects
from the surface are neglect
The flow is considered single phase and-dimensiona
It is considered a heat release on the surfacéehefnixture due to the burning
magnesium particles trapped ol

ok
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6. The heat released from combustion of magnesiumicfemtin condensed phase
neglectec

trapped gaseous flow flamne zone
Mg o+
particles ejected Mg particles

binary
mixture

Zone I Zone IT Zone ITT
Figure 1.Combustion zones of nary mixture of magnesium and sodium nit

GO VERNING EQUATIONS

The model presented [12], is repeated here but some variations are exertegdgmve i.
This model is based on using the energy balandeuaning zone, near the burning surfe
Using the model physical features and assumpttbedheat flux caservation equation

moxlox + fﬂMgl%elt + msts(Ts - TO) = Qc + QR + Qph (1)

where i, iy, ancri; are oxidizer, magnesium and the mixture mass fe respectively
l,, is the heat of melting of sodium nitrate and itscdegosition to the nitrit I¢ is the
heat of melting for magnesiu Cys is the heat capacity for the mixtL Ts is the mixture
surface temperatul Ty is the initial temperature of the mixtu Q., Qr are the conducted ai
radiatec heat fluxes ancQpn is the heat evolution on the phase transition sarfaor
determining the composition, the mass fractionasfis nitrate in the mixture is defined
following

mox

n=——— (2)
Moy + My

where,my, andmyg are the mass of sodium nitrate and magnesium imikeure. Usingy ,
we can writi

mox = 77.057'”, mMg = (1 - U)Psr 'ms = psr (3)
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where ps is the density of the mixture, ar is the burning rate of the mixture. After subsiitgt
equatior(3), equatior(1) become

i'ps[nlox + (1 - ﬂ)lﬁelt + Cps(Ts - TO)] = Qc + QR + Qph
(4)

In this equatiorr, Qc, Qr andQpn are unknowns. So, it needs three more equatiooistéon
the solution. These three equations are heat flegeaation:

A. Conduction Heat Flux
Using Fourier law, the conductive hdlux can be written ¢

Qe = ky & (5)

9 axly=o

where, kg is the thermal conductivity of the gaseous flow dT/dxis the temperatur
gradient. The real value of 1 temperature gradient is substituted by its meanevabo
equatior(5) will be

AT
Qc=kga; AT =Ty, —T; (6)

whereAx is the distancfrom burning surface which the products temperataeehes Ty,
It is the temperature of combustidinal products and is depend on composition, in
temperature ancombustionpressure. This temperature has been derived ugiamical
equilibrium calculations in final products of congbion [17]. Variation of T, versusy has
been shown iffigure 2. T, is the burning surface temperature and considegadl ¢o01000K
[12].
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Figure 2. Ty vs.y for P=1bal and ,=30C K
For calculatingAx in (6), we use integrating the equation of moving magnegpanticle in
the gaseous flovit results in[12]

10.5(10.8p0.</ 1.2

AX =r1t, +
ngdllsMg

ty 7)

where u, p andv are the dynamic viscosity, density and velocitynaf gaseous flo p,, and
dyg are the density and magnesium particle diametg@entisely.t, is the buning time of
magnesium patrticle which is taken frcburning model for combuing metal droplets in
gaseous medi[13]. According to this model, the burning time of maguesiparicle in a
gaseous flow is calculated

dj, —d’
ty =g ®)
—~2 Nuln(B+1)

’OMQ pg

whered, is the final diameter of magnesium partictNuis the Nusselt number aiCyq is the
heat capacity of the gaseous flow. The final dimmef magnesium particle depended o
the available oxygen. The available oxy@lsodepends on the sodium nitrate content in
mixture. Therefory, d, is a function o#. For determining thirelationship, it is supposed tt
the available oxygen consumes some magnesium. gyosing the spherical particles ¢
using the remained mass, the final diameter caralmilated. Tis variation has been shov
in figure 3.
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According to the particle diameter and the gas fl@hocity, the Reynolds number is low. F
this flow regimg, the Nusselt number [13]:

Nu = 2.15Re2 0<Re<30 (9)

The value ofB in equatior(8) is defined a{13]

_Ah
B =" (10)

fg

where, Ah; is the stoichiometric heat of reaction of magnesiamd oxygen,v is
stoichiometric ratio of this reaction and is equae0.65¢. b is the enthalpy of vaporization
magnesium particle. It is supposed that the oxygas surrounds the ejected magne:
particles and the exothermic reaction occurs stomshtric

2Mg + O, — 2MgO  Ahe = 601.4 kJmol (11)

Finally, by defining the gaseous flow Reynolds nem&spvaug/u and using euation(8), the
burning time is expressed

- PugCoo ug ( 1'8)
t, = 1-(d, /d 12
b 8.6kg,00'2\/0'2|n(|30'q +1) ( b/ Mg) ( )

This equation can be defined based on the buraiteg Using the mass conservation eque
for oxygen, it is found that the oxygen leaving thening surface is equal to the libera
oxygen from sodium nitrate decomposition. Thereftre velocity otthe gaseous flow can |
written as

Yo,

where, ¥ is the ratio of liberated oxygen mass to sodiumatetmiss and i<0.188accordinc
to the reaction of sodium nitrate decomposi

NaNC; + Heat— NaNG+ %C,  ¥=0.188 (14)

ps is the mixture density that depends on mixture amstipn and its densification. Using
perfect densification, the mixture density is exgetl in terms ¢ as

1_ 7

+1_,7
Ps pNaNQ ng

(15)



The Fourth Fuel & Combustion Conference of IRAN

Kashan - IRAN  Feb. 2012 Tranian Combustion Institue
University of Kashan FCCI2012-1007

Substituting equatio(13)into (12) the burning time |

— ngCpg,uO'zd,%A'g ( 1'8)
N L/ 16
b 8.8, (PSQUU)O'ZIn(BO’qJ,l) §02 ( b/ Mg) 16)

According to equatior(16) the burning time is proportional 1dh8g and increases with tt
increase of magnesium diame¢. Figure 4 shows this relatic. This complicated behavit
comes from the nonlinear dependenciesy, 1, and thermo physical proties of products t
the#. The variation of burning time of particles verstssdiameter is depicted in figu5 for
several mixture compositiol

With increasing the pressure according to the manl¢13], the flame zone around tl
particle will be cloer to the particle surface and the rate of heastea to the particle surfas
will increase. Therefore, the particles will buaster. The effect of combustion pressure
the burning time of particle is shown in figL6. It is not possible to deterne the burning
time explicitly, at this stage. The final results burning rate and a complete set of input
are used to obtain these figu
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Finally, using equation(6), (7), and (16 the conductive heat flux will be reducet

Q, = Kdyy 17 (17)
where K. is
k,(T,-T
K, = o s ) . (18)
ngCpg [ ,u ) 1+122:Ips/'u/”7Cpg
8.6k, In(B +1)| pyn pk,In(B+1)

B. Radiation Heat Flux
There is also a radiated heat flux due to the emcst of solid particles in combustion prodt
that can be expressec

Qq =&0(T5-T) (19)

whereTg andegs are the magnesium oxide melting temperature angsavity respectively
ando is the Stefa-Boltzmann constan

C. Heat flux dueto the burning of magnesium particlestrapped on the surface

For calculating this flux, it is assumed tIg percentage of all magnesium particles in
mixture will burn on the surface. Total number loé tmagnesium particles in the mixture
be calculated by dividing the mass of all partideshe mass of one magnesium part
considering assumptic(1) as below

6(1-7) pV,
mMng\?;Igo

nTotaJ = (20)

Therefore, the number of trapped magnesium pastioés unit surface area per unit burr
time is

L _88(1-n)p, ’
trapped ingd'\zﬂgotb ( )

Finally, this heat flux is calculated using the tiplication of the number of trappe
magnesium particle by the heating power ofagnesium particle shown IH,,.

Q= Ky 17 (22)

where K is

10
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_ 865K, (1-17) i (¢n)”*In(B+1)H,
ngCpgﬂO.Z

(23)

ph

Variations of no-dimensional three kinds of heat fluxes have beewshin figure7 for
different mixture compositior

Finally, using equation(17), (19), and 22) the heat fluxconservation equation can be writ
as

Kay =K,y -Qp y*= K, (24)
where,Ka is
K, = o[l +1=n) T 4C (T -T,)] (25)

andy is expressed
y = I;dMg . (26)

In equation(24) the only unknown to be calculatedy. By céculatingy the burning rate ¢
the mixture can be found easily through equa(2€).
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RESULTSAND DISCUSSION
Solution ofequation(24) can be obtained numerice. Accord
four factors including composition, size of Mg pelds, initi
and combustionpressureare investigated onthe burning r
compared with some available experimental data. mbdel
find its closed formThe values used for the physical con
The properties of combustion products terms of the n
determined using the chemical equilibrium calcolattode o]

Table2: Physical Constant Paramet|

Paramete Unit

PMg 1740 k¢m®
PNaNO3 2257 k¢m®
Mg 24.3 -

Ts 1000 k

Cr NaNO3 1170 /Kg K
Lyt 1090 /Kg K
INanO3 194.5 k/kg
Hy 1535 k/kg
B 0.025 -

Ah¢ 601.4 k/mol
htg 5.25 M/kg
Tr 3070K -

Ef 0.5 -

G 5.67x10° W/n? K*

A. Composition

The model has been used to investigate the eftdctsixtut
rate. The variatiols of burning rate of the mixture 1 50 u
pressure ol bar and initial temperature 300 Kh

in the figure, the burning rate shows a progres

high values ofy. A peak occurs arouny=0.3
combustion temperature of mixtured burning
combustion temperature shows a plateau in ran

the burning time of the particles shows the mi

While 7 increasesT, remans almost constant

burning rate

A compression between the predicted burning r

in figure 8. In [8], the burning rate values for a

length containing magnesium and sodium nitre

for 20% to 60%sodium nitrate content ithe mixtt

value of burning rate are in well agreement. Ins
experimental resultis just in the value oy. Itis t

the products play role in this iss

The effecis of sodium nitrate conterof the mixtur

particle sizc are shown in figure9. The general

12
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sensitive to particle size. However, this figurewh the effect of particle size on the burn
rate is highlighted for around the stoichiometaenposition.
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B. Particle Size

In general, ccording to Fic 5, the burning time of magnesium particles increasiis the
particle sizeTherefort, the magnesium patrticlurn in longer time and travel more dista
from the surface. It means the conductive heatridauces anthe burnincrate decrease
The preicted values of burning rate for different partisiges have been shown in. 10
and compared to travailableexperimental value[11]. The compression shows the gen
behaviour of burning rate dependency on partide & predicted well but thealues are nc
in agreed. The main role of particle in the modelburning time. It directly affects ti
receiving heat flux of the burning surface. Tragegtof particles leaving the burning surfe
is not as simple as assumed in the model. Padallision and other factors may affect f
travelling distanct
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Figure 10.Burning rate vs. magnesium particle diameteiP = 1bai, Tp = 300K
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C. Initial Temperature of the mixture

The effect ofinitial temperatureTy is on the required heat to warm up the mixturerdasing
this factor, the reached heat to the surface is consuorethagnesium particle burning
state of surface warm upTherefory, the burning rate will increase. The effect ofs
parameter in sol propellants is shown | op and its values are usually betwe0.0006-
0.0018[16]. In constanipressure the thermal dependey of the burning rate idefinec as
[16]:

:aln(r')

o
P oT

(27)

The effect of initial temperature on burning rates lbeen investigateand shown in figut
(12) for different values c. In this figue, AT is the difference of the initial and the refere

14
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temperature, sayAT = T, — 298. The analyses of the results of figil1 are summarized i
table Ill. The thermal sensitivity of the mixtur@rbing rate is extremely dependent on
compositior
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Figure 11.Burning rate v¢ AT for 5C umof magnesium particle diameter i P=1 bar

Table3: Temperature sensvity vsz for P = bal, dyg,= 5Cum

U Gp

0.2 0.001
0.3t 0.0008:
0.4 0.0006:

D. Pressure

Variations of burning rate in terms of combustioagsure are shown in figul2. This figure

shows the burning rate increases monotonically migssurelncreasing the presst causes
decreasing in the burning time of the parti(figure 6), travelirg distance of the particles (

width of zone Il), increasinTy,, and changing thermo physical properties of tloelpets. All

these result to increasing the burning rate witespure. The modeling results are

compared with available experimentala [11]in figure 12. It shows excellent agreem.

For solid propellants, the well known St. Robentriag rate model is expres: as [L€]:

r =aP" (28)

where,ais the burning rate coefficient an is the burning rate exponeia can be considere
as the burning rate in the standard pressure gmehds on burning rate and pressure L n
is depenenton the composition of the mixture and has the vakiteveer0.2-0.6 [14.

In figure (13), the burning rate laws for different compositione ahown. They show simil:
trend while having different coefficients and expots. For several different cases,

burning rate coefficient and exponent are calcdlated summarized in tabl(4) to (6). It is

15
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indicated in these tables, that the burning rape&nt is a function of mixture compositic
It is show no dependency on either particle sizaigal temperature

Table4: Burning rate coefficient and exponentn forTo =300 K dyg,= 50pum

1 a n
0. 25.6 0.18¢
0.3t 35.9 0.20:
0.4 31.6 0.21¢

Table5: Burning rate coefficient and exponent vs. Initirdeter of magnesium partic
for n=0.3, To = 300 K, dyg,= 50um
dug, a n
50 48.35 0.16¢

10C 24.55 0.16¢
15C 16.62 0.16¢

Table 6 Burning rate coefficient and exponent vs. changeitl temperature of the mixtu
forn=0.3,dpg,= 50 um
AT a n
-50 46.62 0.16¢
0 48.35 0.16¢
+40 49.42 0.167

45
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E : i / b
E 50 B R
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2 25
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@ 79
15
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[ R T T N W T |
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10
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Figure 12 Burning rate vs. pressure 150 pur of magnesium particle diame
and»=0.6, To = 300 K
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Figure 13.Burning rate vs. pressure for different value s, 90umof magnesium particl
diameter an Tp = 300 K

CONCLUSIONS

Modification of an existing combusticmodel of binary mixture of magnesium and sodi
nitrate is provided a powerful tool to study therbng rate. The model is able to descrof
one dimensional particle motion, carrier gaseoaw flthe distance of flame zone from -
mixture surfac, burning ime of particles,and finally thedetails burning rate law of the
mixture. The temperature sensitivity of the burnratg, the burning rate coefficient, and
burning rate exponent are the burning rate balligtarameters to be calculated. ~
tempereure sensitivityis a function of compositic. It is not sensitive to the particle size ¢
pressurebut it decreases with increas 7. The burning rate coefficient is also a functior
mixture compositionlt increase with initial temperature and decises with the particle si:
The burning rate exponeis a function oimixture composition and increases w#, but it is
not a function of particle size and initial tempere. These predicted burning rate ballis
parameters can be used to simulatebehaviou of a combustion chambe
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