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Abstract
Metal powders as fuel ingredients of hybrid rockettors are an important factor which can improve
the engine properties. Through the fuel densityease, a compact engine form can be achieved and
the construction mass ratio can be reduced. Fumibrer, the addition of metal powders in the fuel
structure can increase the regression rate, thédwustion temperature and the corresponding specific
impulse. But to achieve these goals, the combugtficiency of metal particles must be high and the
condensation of metal droplets, high particle aggimtion, the combustor wall slagging as well &s th
nozzle structure abrasion must be reduced or cdetplavoided. The challenging experiments with
hybrid rocket engines (HRE) deliver a limited ambuwi information necessary to understand
transformation mechanisms, despite of the apptinatif sophisticated measurement techniques. So,
the experiments should be combined with CFD mudti§ghsimulations to enable understanding of
combustion processes related to the condensedofiase. Subsequently, this enables the management
of the combustion process within HRE as well asab@idance of negative effects by the application
of powder ingredients with metal content.
Within the AHRES (Advanced Hybrid Rocket Engine 8lation) program, the DLR Institute of
Aerodynamics and Flow Technology in Braunschweig taried out experiments with different fuel
formulations, which included metal powders of aloom and aluminum-magnesium alloys.
Additionally, the transformation loop of small gakts with metal content is simulated using an Eule
Lagrange coupling of the reacting gas flow and tdemdensed metallic phase. The conducted
simulation includes time dependent transformatiminal and AlH; particles (decomposition, melting,
vaporization, heterogeneous combustion, condemsatia solidification). In this paper, the used
transformation models and the coupling procedurevéen the gas and the condensed phase are
classified and explained. For given start and bamndonditions one simulation of the characteristic
small single metal particles with correspondingeittories is realized. The results are graphically
displayed and extensively commented. They enabfi#flieconclusions about the utilization of metal
particles as fuel ingredients for HRE.

Keywords. hybrid rocket engine, CFD simulations, multi-phfile& combustion, condensed phase,
metal particle kinetic

1. Introduction

Metalliferous small particles are used as fuel thdgh in hybrid rocket engines, as they promiseiramease in
performance in terms of specific impulse, regrassate, combustion temperature and the compacbtfetbe fuel

grain (and indirectly the combustion chamber tdd)ey are added to the fuel as a powder of microamometer
sized particles. The additives can either be puetals, metal alloys or metal hydrides. By expodoréeat, the
metal hydrides release pure hydrogen, which cahére used for the combustion. But the use of thestalliferous
particles also introduces problems into the conibnsprocess, such as the appearance of the comtl@hmsse
(process still unexplored), the particle agglomeraiand deposition on the chamber walls and ineawzzle
erosion. To-date the worldwide conducted experialestudies related to this topic collected only ifed

information regarding the kinetics of the convensaf metalliferous small particles. In this workeoapproach to
determine the kinetics of the conversion of metatiples by means of mathematical models has begalaped.
The applied mathematical models for the discretesph{Lagrange approach) were coupled with an alreaidting
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Euler model which describes the continuous flow @&oednbustion in the gas phase without consideratimn
combustion of gasified metal. The impact of the bastion of metal particles on the gas flow phaselieen taken
into account through the correction of the loca dlaw temperature, which corresponds to the cbution of

released heat from gasified aluminium on the temgoparticle position. The aluminium combustiortaken as
most representative case, because it is frequasty in large fractions and has a very high reaaiathalpy. For
details please see the Chapter 4.

2. Combustion of Metal Particlesof HRE
2.1 Combustion of Al-Particles

The combustion process of metal particles can beillustrated with the example of an aluminum pelg (disperse
phase) in the environment of gaseous combustiodiyate (continuous phase).

As initial assumption the small aluminum peées are mixed in the polymeric binder structurerdufuel grain
production. For the present simulation it is asdirtieat the metal powder distribution in the grairucture is
homogeneous. Once the hot oxidizer gas is injéotedhe combustion chamber it meets the fuel gnités. At the
same time a pyrolysis reaction on the fuel reactingace occurs and the fuel binder begins to deosm The solid
aluminum particles contained in the fuel block am@ed homogeneously in the grain and begin to aridhrough
the combustion process. The aluminum particles heat up promptly and melt as soon as they reaemperature
of Toar = 933 K. Around the aluminum particles an oxidgelaof ALO; is built, with a much higher melting
temperature than the aluminum itself. The surroogdixide layer of the aluminum particles breaksdup to the
expansion of the liquid aluminum within the dropl€hrough surface tensions the liquid aluminum Bowut to the
gas contact surface and can coalesce with otherimlun particles which cross the droplet’s trajegtdmrough this
mechanism agglomerates with a particle size of 2@®-microns could be formed. Detached aluminumigast
with a size of 5-40 microns are smaller than aggi@tes.
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Figure 1: Schematic of the gas phase combusti@am aluminum particle
in the combustion chamber of a hybrid rocket en¢@a¢

Agglomerates and detached particles do not burthéensame environment. Detached droplets burn dlogbe
surface (due to their small size) in an oxidizehréenvironment; agglomerates burns further fromstinéace, in an
gas environment with lower oxidizer content becabh®seoxidizer was partly used for the smaller detpl[6]. For
HRE this mechanism cannot be taken as general,vatidby solid rocket motors, because the local ipaid
concentration depends on the injection scheme eottidizer into the combustor. By breaking up thxée layer
during the agglomeration (clustering process) tte 1of particle oxidation increases, resulting inapid rise in
temperature. Now the oxide layer melts if a tempueeaof Tao03 = 2327 K is achieved. Also through the breaking
up of the aluminium oxide layer some oxide picotigles could be expelled from droplet surface iatwvironment
building up a smoke zone around the particles.

Due to the high surface tension of the oxide serfacd lower area of surface tension between oxidenzetal, the
liquid oxide layer (see Figure 1) pulls back anddsuup accumulations which lie ahead of the alumis droplets.
Ignition takes place at the melting temperaturéhefaluminum oxide (AD3) at temperature ;03 0of 2327 K. The
accumulation process (overcrowding) and the igniaoe difficult to distinguish from each of otherdaare carried
out in the same process step [6]. The combustkestplace between the melting temperature of tigedayer and
the evaporation temperature of the aluminum .= 2743 K. If the boiling temperature of aluminunrésached, it
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begins to evaporate. However, the already existic@umulated oxide on the surface of the dropletedeses the
evaporation rate of aluminum, because it coverig@ificant area of the droplet. In addition to anreymmetrical
combustion, a very rapid rotation of the dropletws. Finally, this rotation may also result inealargement of the
droplet curvature due to change in surface tensiiffsision, convection and heterogeneous reacfiehhile:

- As long as a certain area of the droplet is oedevith the oxide cap, less gaseous aluminum dérse from the
droplets into gas environment, then the oxide petslsuch as AlO, AD and AIQ diffuse into the droplets. Thus,
these products condense on the relatively "coldplét surface.

- In addition, the formed alumina smokes f&d) partly land on the surface of the droplet throaghvection and
thermophoresis.

- Alumina (ALOs) can be formed during a heterogeneous reactioneget the liquid aluminum and the gaseous
oxides, which surround the droplets, thus increasire existing oxide cap. Since the boiling tempeeaof the
alumina is not reached on the surface of the alumsdroplet, this reaction product remains afteraluminums
consumption as residue [6].

In reality despite the reduced free droplet surfdu®ugh the presence of an alumina cap a large qfathe
aluminums droplet evaporates. The gaseous alumheacts in a homogeneous reaction with the surrognfilie
gas products (§ H,O and CQ). At the certain distance from droplet surfaceeg$tanding, luminous flame front is
formed with a size being 2- 4 times the diametethef droplet. This combustion reaction generatesotkidized
products AlO, AJO and AIGQ where AIO represents the most common product. Mewehe oxidized products do
not remain in the gas phase, because there isnooigh heat available. They condense after leaviaglame and
transform to AJO; smoke (clouds of pico- and nano-,84 particles). AJO; smoke can also be formed through
condensation of gaseous @k To start this condensation mechanism the evaparaemperature of alumina
Taroz,evap= 3800 K must be first achieved, but it is possibhly locally in the combustion chamber zones Virige
oxygen. The temperature of the gas cloud formati@oretically corresponds to the evaporation teatpee of the
alumina.The surface temperature of the droplet is alsactdteby radiation and conduction. How fast and fexwa
particle burns will depend on the conditions in tmenbustion chamber. The combustion process is lgenpnce
all of the aluminum has reacted. More details alsombustion mechanism of aluminums particles cafobed in
the references [6], [7], [10], [19].

2.2 Combustion of Metal Hydride Particles

The transformation of other metal and metal hydrigirticles follows principally a similar logic ashet
transformation of aluminium particles within comtars

Table 1: Physical and thermodynamic propertiefiefhetals [3], [4], [2], [10], [27]

Metall Symbol p o Trnelt Thoi M 7 Hpoir
[kg/m3®]  [KkJ/K - mol] (K] (K] [g/mol]  [k]/mol]  [k]/mol]
Aluminium Al 2700 24,209 933 2743 26,98 10,7 293,0
Magnesium Mg 1738 24,869 923 1363 24,3 8,7 128,0
Lithium Li 535 24623 453,69 1615 6,94 3,0 147,1

In Table 1 thep represents density,,; is boiling temperaturey,,;; the boiling enthalpynd M is the molecular mass.

In this subchapter only the essential differencetsvben the combustion of the particles of aluminimagnesium
alloys, alane and other metal hydrides particleth wegard to combustion temperature, phase tramsfiown
temperatures (melting, evaporation, condensasioligification, crystallisation) and decompositimechanisms are
compared.
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Table 2: Physical and thermodynamic properties effatrhydrides, references [3], [4], [12], [15], [LBL7]

Name Chemical p o Tmeir  Taecom M H-content Hp

formula  [kg/m?]  [K/K-mol] [K] (K] [g/mol] [%wt]  [kj/mol]

Aluminiumhydrid  o-AlH 1477 40,235 - 373 30,01 101 -46,0
Magnesiumhydrid Mgkl 1450 35,334 - 553 26321 7,66 -76,1
Lithiumhydrid LiH 775 27,957 961 1123 7,95 12,68 -90.7

In the Table 2 th&,,.,, is decomposition temperaturg) the specific heat by constant pressure H;ﬂds enthalpy
of formation.

3. Mathematical Model for the Determination of Aluminium Transformation
Kinetics
3.1 General remarks
In this section the conversion kinetics of metattipkes through chemical reactions are describeth support of
mathematical models. The goal is to demonstratagd® in the concentrations of the involved substaras a
function of time.

Table 3: Overview of the different reaction orders

Reaction order Example reaction Reaction velocity nit U Example
0. Order A— B v=k mol Catalytic reaction
m3-s
1. Order A—» B+C v=k-A4 1 Decomposition
§ reaction
2. Order A+B—>» C v=k-A-B m3 Combustion
mol-s
3. Order A+tB+C—» D v=k-A-B-C mb Collision reaction
mol? - s

Any chemical reaction takes place at a certaindipesled the reaction velocity. This indicates hmany particles
are converted from educt(s) to product(s) per tamé volume unit. This value is calculated using rémction rate
and the concentrations of the involved reactantsTéble 3). Generally, the reaction rate is deteediby the

Arrhenius equation:
(-7
k=A-e\ RuT (1)
Here,R, represents the universal gas constant, T is tation temperaturd;, the specific activation energy, aaAd
a pre-exponential factor.

The concentration is an important parameter for é¢kaluation of the reaction rate, because the meaetant
particles a volume contains, the more collisionsuocstatistically. Hence the reaction rate is iasesl. A reaction
order can be found for any reaction, representiegnumber of reactant concentrations the reacpeed depends
on. They are listed in Table 3 for various reactioi should be noted that the different units tfog reaction rate
result from the various reaction levels.



MODELING OF THE TRANSFORMATION KINETICS OF SMALL META PARTICLES

Extremely fast reactions can be described usingdineept of chemical equilibrium. The chemical éqtium is a
state in which the overall reaction appears dormsmino changes are visible. The outwardly obséevedaction
rate is zero. Nevertheless, the chemical reactfforsvard and backward reaction) continue to runhwte same
reaction rate. It is therefore not a static eqtillitm, which it appears to be when examined extérnbut a dynamic
equilibrium in which reactions still proceed. Inigtstate the Gibbs free energy for reacting comgsumas its
minimum and a general chemical equation can bengivéhe form:

a*A+b-B oc-C+d-D (2)

Here, a, b, c and d are the stoichiometric coefffits of the substances A, B, C and D. The equilibrconstani,
results from the law of mass action which can becHigd as a function of the concentrations of imeolved
substances as follows [2]:

cdf~1d
( LIl o
©APEP
The mentioned equilibrium constant is temperatuepetident due to different concentrations of reastamd
products at different temperatures. If the equilibr constant is very large, the equilibrium is twe tside of the
products and there is a large fraction of producthe mix. Thus, almost all educts have reactegrtalucts. If the
equilibrium constant is very small, the equilibridies on the side of the educts, their fractionngeaccordingly

large. For very rapid reactions it can be assurhatithe chemical equilibrium is established ingtagbusly. In this
case the non-equilibrium kinetic can be neglected.

3.2 Transformation Kinetics of Aluminium Particles

Within the combustion chamber of a hybrid rockegiea an aluminum particle passes through severalarsion
processes such as melting, evaporation, condensatib solidification into the glass or crystal ghas
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Figure 2: Schematic representation of the alumirtigmsformation and reaction in the combustion diemof a
hybrid rocket engine
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Supplementary, the chemical reactions of aluminwith combustion products in gas phase occur péaralle
sequentially. In Figure 2, the conversion and fieagprocesses of an aluminum particle during itslsostion are
shown schematically. The occurring chemical reastican be grouped [22] as follows:

Surface reactions:

Algy —> Al (R1)
Algy + AlOgy —> Al Oy (R2)

Gas phase reactions:

k
Aligy + 0, —— AlO +0 (R3)
—80
k, =9,76 - 10%¢(5) in criymol s
k
AlO() + 0, —— AlO, + 0 (R4)

—10008
k, = 4,63 - 1027 incn¥imol s

k
Al + CO, —— AlO + CO (R5)

—1030 14000

ks =25 10-137050(57) & 1,4 - 10-97°5¢ ("7 in cn/mol s

k
Algy + H,0 —— AlO + H, i i (R6)
—442,87+221,44 —286&6+4SZ94)

ky=(19+15)" 10712 4 (1,6 F0,7) - 10-100 (5

Dissociation reaction:

Al,03 ) —> 2410 +0, (R7)
Condensation:

2410 +0, —> Al,05, (R8)
2410 + €O, —> AL, 03,y + CO (R9)
2410 + H,0 —> Al,05, + H, (R10)
ALO +0, —> AlL,05, (R11)
AL0 +2C0, —> Al 03, + 2C0 (R12)
Al,0 + 2H,0 —> Al,05 ) + 2H, (R13)
Al0, + AlO, —> AlL,0;) +-0, (R14)

The reactions R1 and R2 are surface reactionsfifst@eaction R1 is the evaporation of the meléaminum. For
small particles the transformation of R1 is so fast it can be approximated as equilibrium prosedis sufficient
accuracy (s. chapters 3.3 and 5.1). The secondioraR2 is assumed to be kinetically controlled foe small
particles (less than 1) as suggested from Gremyachkin [30]. For smalinéhum particles R2 is so fast, that the
formation of ALO can be taken as infinite and is therefore negtedtvith equations R3 - R6, the gas phase reactions
of aluminium (homogeneous reactions) are describkd.corresponding reaction rates given by [22]séuw@wvn. For

the dissociation reaction of liquid aluminium oxidR¥ it is assumed that only the dissociation teipee is
responsible for the process devolution. This temijpee is a function of the total pressure in thancber, as well as
the partial pressure of the aluminium sub-oxides @nminium oxides. It reaches its maximum valughasdroplet
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passes through the flame zone. This maximum casrelspwith the flame temperature. Reactions R8 - @Ristribe

the condensation of gasified aluminium sub-oxides liquid AlLO;. This process involves two steps; homogeneous
gas phase reactions, followed by homogeneous ceatien. Since the reaction rate of the gas phasgioa is very
high, its kinetics is neglected and the equilibrigtate is assumed. The second step in which theogemeous
condensation takes place, the kinetics are destrilith the model in following subchapter 3.3.

3.3 Modelling of Phase Changes of Metal Ingredients (Melting, Vaporisation, Condensation and
Solidification)

To calculate the mass fraction of the melted pliasiag themeltingof the particle the following formula is applied
[25]:

AXmelt —_1 . Qkont+0Qrad+Schem (4)
dt Mpar,0 Ahmert

HereS.,.., is the heat of chemical reactions that could galyetake place simultaneously with the meltinggess.
This case is not considered in this work, becaosarialyzed ingredients parallel to melting no heaenerated by
chemical reactions. The enthalpy of melting is dedoby Ah,.;.. The melting fraction X.: of a particle is
determined for each time step. Since as fuel compbapplied metal particles are very small (diamsetn the
range of 0.0001-0.0030 mm), it seems likely that plarticles melt abruptly. Before the melting terapgre of the
particles is reached (for aluminium igaT mer= 933K) the melting fraction X is 0. The maximum value for the
melting fraction, which is equivalent to a completelted particle (droplet), is % =1.0. For the determined test
case, computed under real combustor state condiioa aluminum particle with diameter ofun is completely
melted within 0,06s. In consequence, the simplification that particlenpletely melts immediately and is dependent
of its melting temperature, can be introduced. Tgriscess is also to refer as equilibrium processwéver, for
particles with higher diameters should be provedtivar the melting process is to consider as tinpenident and as
non-equilibrium.

The modeling of thevaporationis to calculate, similar to upper given equatid) (n the form:

dXepap — 1 ) Qcon+Qrad+Schem (5)
dat Mpar,0 Ahevap

In expression (5), instead of melting enthalpy, #mhalpy of vaporization is in the denominatoroimorated.
Additionally, for the applied metal ingredients ihgr analysed evaporation processes no heat of chémsactions

is generated, therefot®,,, = 0 can be assumed. The evaporation occurs wigeavéporation temperature of the
droplet is achieved. For an aluminium droplet ttémperature is ., = 2743 K. The droplet is completely
evaporated when evaporation fractiorXjs,,= 1 and droplet mass vanishes. In the simulatr@sgnted here (for
details see Chapter 5) the Al droplet starts tgexate at 2,992 ms and is fully evaporated at 2f889That means
that a droplet with an initial diameter ofi® is completely evaporated after 50 In such case the process can be
considered as instantaneous and depends only otetfygerature level. For droplets with larger diaametvith
evaporation time in the vicinity of 1ms this sinfigiation does not apply.

Condensation the resulting combustion products sub-oxides AQQO and AlGQ, described with reaction equations
R8-R14 (shown in section 3.2) are not preservethduhe combustion process. They condense immeylifitam
gas state to aluminum oxide »®x(I). Within the presented work it is tried to modkls process as time dependent
non-equilibrium process using the model of Beclat@2], but a number of constants given in regmssate laws
of the corresponding reactions unknown, makingleutation using the method unmanageable.

Here, the condensation from gas state is considesgmocess in equilibrium state toward Guldbed) \Afaage law
[2] and tested on example of R8 [2AIO + %4 G Al20; ()] equation using the NASA CEA2 code. For different
temperatures and the constant chamber pressufluHrd the mass fraction of educts and products determined
with the CEA code [29]. From known mass fractiom gmmescribed temperature range the equilibrium teongs

computed:
_ __ [A05]
€7 [a0]? [0,]0% ©
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The results are represented in Figure 3. The deereé calculated constaiif, value is to observe at higher
temperatures.
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Figure 3: Equilibrium constant valué devolution
over the temperature T for the reaction formula R8.

With the knowledge that by, > 1 the balance is on the side of products anf kyl is on the side of the reactants.
This K, value drop originates from the higher mass fractbAlO at higher temperatures. Nevertheless,Kpr> 1,

it can be concluded that this reaction proceedh witery high proportion of AD; as product. Due to this high
value K, it can be assumed that by temperature decreagdGhis immediately and completely converted to@y.
Depending on the temperature level, the alumimpaiesented in the solid or liquid state.

Solidificationrefers to the phase transition from liquid to ddtate. It is the reverse process to melting anchily
occurs immediately once the melting temperatureunslerrun. For pure substances the melting temperatu
corresponds to the freezing temperature (begimlidi§cation). When alloys or mixtures of liquideconsidered a
phase diagram for determination of the freezingpoiust be taken into account. During solidificatiovhereby the
thermal motion of the molecules decreases (Browmmation) appears the crystallization. For the miodgelof
solidification with participation of crystallizatioin the reference [25] is given the JMAK- (Johndéehl-Avrami-
Kolmogorov) model. This model describes the nuadeatnd the growth of crystals within the particle¥hus
different processes of crystallization, recrystaition and decomposition can be described withrttidel:

FOO = n(1 = X)[=In(1 = X)] = (0.5<n<4) )

The model describes the general solidification gsscvery well. But the crystallization is usuallyslaw-running
process, which take relatively long to completevésal seconds). With rapid cooling, where glass amdrystal is
formed, this model does not apply. The rapid preeesiuring droplet freezing/ solidification whigbpaars within 1
ms or less are to model only as temperature depéntielarger engines by temperature drop the dheristic
temperature gradient is responsible whether tlié gbase appears as glass or crystal. The alumpartitlies don't
solidify within the combustion chamber, since thewe a relatively low freezing point, but it is tgurealistic that
some aluminum particles in the combustion chamber reot consumed and later in the nozzle where lower
temperatures prevail, solidify. However, the substs created in the combustion chamber through ichém
reactions by undershooting the own freezing temperachange in the solid phase. This process ysoatiurs at
the end of the combustion chamber or in the "calothbustion-chamber wall on. From the reaction fda®miR1-
R14 can be seen that only aluminum oxide,@3) exists as a liquid product. The remaining commsuare in
gaseous form and do not reach at the prevailingéeatures in the combustion chamber its freezingtpal,O; has
a solidification temperature of.J = 2327K [28], therefore it can be assumed thathatend of the combustion
chamber solid alumina is formed. Own experimentallgses have shown that alumina leaves the nozdehgbrid
rocket in solid state.
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3.4 Combustion of Gasified Aluminum under the Condition of Chemical Non-equilibrium

The reactions R3 — R6 mentioned in Chapter 3.Zlagenical reactions of second order (s. classificatChapter 3.1

- Table 1). Once the mass reduction of aluminuntiggas through chemical reactions with the flue gasducts in
the chamber of HRE have been calculated, it doesnaie sense to only consider a single particle fEason for
this is the small size of the aluminum particlegs,(d¢ 5 um) and at the same time very fast chemical reagtion
Therefore, in numerical calculations very small hens are produced that are below the compiler acgumhich
was used to produce executable code. Therefongherisal gas cloud which consists of many alumimarticles
and flue gas products is considered. In Figureigtdbncept is shown schematically. The spheretisosa diameter
of dyoug = 1 mm. It can be assumed that this cloud movasgah selected stream line within the combustiamdter
flow. The speed equates to the gas flow velocitpmglthe stream line.

It is further assumed that all particles move ia gas cloud with the same velocity along a streamlin order to
show the change of the mass of involved substaoges time, the mass fraction of these substancest imai
determined at each time step. The total mass ofjdisecloud at the start point (fuel surface) caoesls to the sum
of mass of flue gas products and the mass of alumiparticles.

combustion gas products combustion gas products ~ Suboxides
(02, Hzo, COZ) -7 S (02’ Hzo, coz) R (AIO, AIOz, A|20)

\
\
1
1
/ |
\,\
vaporized N / .

- L SSggnees .-~ 0,CO,H
aluminium particles S » W T2

Figure 4. Cloud moftel description of combustion of gassed aluminium

Further, the mass concentration of solid partigtethe gas cloud on the start point is proportidoathe fraction of
metal ingredients in the solid fuel grain. Knowithg density of the gas phase mixture (input fronDGknulation)
and aluminium particles density the relevant voluireetions of both phases can be calculated. Theuatmof
particlesn,,, in the gas cloud can be calculated through

Npar = mA.,l,i;?ud (8)
Heremy; couq IS the total mass of aluminium particles in theud andmy; is the mass of a single Al particle with
known diameter. Hereby the initial conditions foe tsimulation of the Al particle transformation adefined.
The mass change of gas reaction educts and regetidocts as a function of the time in equatiorstesy R3 - R6
can be described with a system of ordinary difféaérequations (ODE). The form of the mentioned OD# be

k
explained exemplary through the reactioti ;) + 0, —— Al0O+0 (R3):

iy g

d;n_ToZ = — Vo2 Vyas [kTg] (10)
m;% = Vo Vgas [kTg] (11)
T2 = V0 Vs 4] 4
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HereV,; is the gas volume of the particle clougy, vo,, Va0 andv, are the reaction rates [kaj,; - s]. With the
knowledge of the reaction rates, the mass changeafth time stegr can be determined. The shown principle was
applied to R4 —R6. Through combination of all etpreg, a model for the chemical gas reactions weated.

The complexity of this model can be illustrateddoyisidering some dependencies. For example, irtiequa3, the
concentration of AlO increases; in equation R4 ttusicentration decreases, because the AlO is actsedn
equations R5 and R6, the concentration of AlO iases again. In addition to this, the liquid ph&setions must be
considered. This happens simultaneously and mustdateled accordingly. This interlaced dependencefefred
reactions in this work was taken into account.

3.5 Transformation Kinetics of Alane

Alane AlH; comes in seven different crystalline phases:( B, v, 9, &, ), whereof the structure of only three phases
is known [11]. Most phases of alane dehydrogenedsm @t room temperature. That is the reason why dine not
applicable as additives for fuel [10]. The mosbighase is-AlH; which starts dehydrogenation at a temperature
of about 373 K [4]. Alane does not have a liquigd, as it is decomposed into aluminum and hydrodéth the
combustion begin only the dehydrogenation takeseplthe hydrogen leaves the alane and pure alumirumains

as particle. The following reactions describe fhriscess and the oxidation of the aluminum [12]:

Al —» Al +3/2H (alane dehydration/ decomposition) (13)

Al+3/4Q —» 1/2 AJO; (oxidation) (14)

Of essential importance for the modelling of decosifion of alane AlH is the knowledge of the regression rate.
Literature regarding this topic is unfortunatelyeraBut with a known decomposition time [10] thecdeposition
rater,,. can be determined through a few mathematicalatioers.

- (15)

Tgec = Taec A
In Equation (15) the value V is the particle volymeg,, is the experimentally estimated decompositioretand A
the particle’s surface. The composition of the ggure in particle’s environment, especially palrfpressure of
CO, CQ and HO, has a significant influence on the decompositiore and has to be considered throughout the

calculations.

4. Description of the Coupling Procedure Between the Discrete Phase and the
Reacting Gas Flow

In this paper, the simulation model is shown, whilgscribes the kinetics of the transformation psees in the
discrete phase during the combustion of the metaletal hydride particles in a hybrid rocket contbusSince the
particles are influenced by the dominating condgicof the gas phase within the combustion chamthés,
simulation model was coupled with a model basedroEuler approach that describes the flow and cetidruin

| 1

T[K]: 950 1050 1150 1250 1350 1450 1550 1650 1750 1850 1950 2050 2150 2250 2350 2450 2550 2650 2750 2850

0.046/

00449028 0.03 0. 03 0,034 0,036

Selected stream line

Figure 5: Temperature distribution and vortex fotioraof 2.5D simulation after 10 seconds burnimgetiwith the
representation of the selected stream line (thiakkbline) [26].
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the gas phase. In the work of S. May [26], thecpsses in the gas phase have been simulated wiihAld code. In
the following subchapter, the coupling proceduraween gas flow and discrete phase is describedoire rdetail.
Figure 5 shows the temperature distribution of BD2simulation after a burning time of 10 second6].[Zlo
investigate the transformation kinetics of the rptaticles, in the present work one stream ling been selected.
The metal flue gas cloud moves along this stream (for details s. Chapter 3.5). The selected strigze does not
touch the combustion chamber wall. In the framearied out 2.5D simulations of the gas flow thduehce of
combustion of gasified aluminum on the process neglected. This procedure was eligible, becausenfetal
particles/ droplets with diameter less thaprb the Stokes number is considerabelly lower thaim that case the
observed particle follow the stream line of the gasse, while the inertial force of the small paeti are not
dominant. The dominant influence is caused by thdynamic force on the particle. The particleajectory

follows the selected stream line and for the comipen of the particle’s properties the gas tempeeaiy,, the gas
pressure psand the gas velocitygare applied.
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Figure 6: Progression 0§ pgasand Yas
over the combustion chamber length along
the selected flow line (the combustion of
aluminum excluded) [26]

Figure 7: Progression of gas componerni® H,, CO,,
CO, O and O over the combustion chamber length
along the selected flow line (calculated without
combustion of aluminum) [26]

In the simulated case (see Figure 6) the gas tetye along the stream line at the beginninggs ¥ 1050 K
(corresponding the pyprolysis temperature). Neglgcthe combustion of aluminum particles, a maximum
temperature of f,s= 2550 K along the streamline can be achievediriBetne combustion chamber at the nozzle
outlet the temperature drops to a value of aboQtkKQAlong the stream line within the combustiorastber, of the
pressure is approx. constant gi;p 43 bar. In the vicinity of the nozzle outletdigiressure drops and finally reaches
the ambient pressure. The local velocity alongstineam line inside the combustion chamber variésdsn 10 and
50 m/s; behind the chamber the velocity rises dugas expansion inside the nozzle.

In Figure 7, the devolution of the stream line @uiof the gas components® H,, CO,, CO, Q and O expressed as
mass fractions are shown. The mass fractions,adrtdl O are very small compared to the mass ofehmining
gases. The amount of,8 and CQ along the selected stream line is very high, drey tare most represented
components among the combustion products. The freetion of the HO gas is in the range of 0.5 to 0.55; the,CO
mass fraction varies from 0.24 to 0.28. Furthermarestrong increase of the mass concentration 0ftOa
longitudinal coordinate between 0.4 — 0.55 m carrdmognized. This results from the mixing the fiee/gen
molecules from the core flow and combustion prosluoside the secondary combustion chamber. Thewoilg
data along the stream line are extracted from ésepipase flow simulation [26] data: x- and z-comaths, velocities
u, and y in x- and z-direction, temperature of the gasvfly,, pressure of the gas flow,p density of the gas flow
Pgasand mass fraction of the gas componen®®,H, O,, O, CO, CQ.

Using the above imported data, the distance anttradielling time of the particles until the outtetthe combustion
chamber can be calculated with:
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dSpar = \/(xl —x0)? + (21 — 2)? (16)

The distance between two known points of the parti@jectory (which corresponds to the calculadamline) is
determined by the Euclidean approach for the digtaralculation. The sum of all distances givestthal distance
exposed by:

Spar = Z?:l dspar,i (17)

The flow time of the particle between two neighl@jectory points (which coicide with defined pairdf stream
line) can be determined by the following expression

dSpar
ATper = Spar (18)

Ugas

Since the particles according the model assumitibow the stream line (Stokes number <<1), thalo@locity is
calculated at this point. The calculation of thetiole motion is than to calculate as follows:

Ugas =1l + U2 (19)
The sum of all times increments gives the totalal@me of the particles in the combustion chamber:
Tpar = Ni=1ATpar,i (20)
The computation of the particle temperatugs i5 done by applying the enegy balance equatiothfoparticle

darT, . .
% *Mpar,o * Cppar = Qcon + Qraa (21)
From this equation also the heating rate can berehéted. It is an important parameter needed feridentification
the change of aggregation state of the metal peidioplet. Heren,,,., is the particle mass at the initial calculation

step andc, ,., is the specific heat capacity of the particle miateTo calculatel pay, the gas temperaturg.Tat any
trajectory point along the selected stream line tnlmesknown and given as input for the simulation. sblve the
ODE (21) which describes the energy balance anduhent valuel par the Runge-Kutta-Fehlberg method 8t 4
order is applied. The convective heat tranéfgy, is given with folloving well known formulation:

Qcon =hg- Ap ! (Tgas - Tpar) (22)

The variabled,, is the particle surface and tig heat transfer coefficient to particle. The caltiola of the heat
transfer coefficient is done by considering thethemsfer to a sphere. In the literature [23]ftiowing expression

is favored:

_ Nuk,,

hq (23)

dpar

Here,dp,, is the diameter of the particlgé,, is the thermal conductivity and the Nu the Nusselnber. For the
Nusselt number the expressions Nu =2 can be useaifp small Reynolds numbers [23]. For the compateof the
radiation Q,,, the radiation model of [1] is applied. Based orstpaxperience and theoretical analysis [24] the
radiation flux can be assumed as 30 % for sim@edaiculations of the convective heat flux:

Qrad =03 Qcon (24)

Since the influence of reacting aluminum particbesthe combustion in the gas flow was not consitiénethe
realized simulations [26], the maximum gas tempeest achieved in the combustion chamber are limdezb50 K
(analysed propellant combination HTP/HTPB). Thimperature is below the evaporation temperaturéushiaum,
and therefore, no aluminium would take part in glaase reactions. In reality, the gas temperatses through the
useage of aluminum particles as fuel additivesabse the reaction of pure Al is exothermic. Toaobtealistic
results, the gas temperature was raised by apreedyna00 K. This value originates from the compani®f the gas
temperatures which includes aluminium combustiath@mbustion without aluminum, determined usingNAe&S A
CEA2 code.

12
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5. Evaluation of the CFD Simulation

The aluminum particle/gas cloud flies through tlmnbustion chamber for about 30 ms on the flighgtknof
approximately 0,525 m along the extracted streama the environmental properties are known. In Giagt a
model for the temperature of the particle/dropleng its flight path is shown (s. equation 21).tPoeg dependence
of the gas temperature on the particle temperataseexpected.
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Figure 8: Modelled curves of the particle tempemafly,, Figure 9: Modelled curves of the particle tempe®tu
and gas temperaturg,fover the time [20]. Tear and Tgas temperature gI on longitudinal
coordinate of the particle , by the combustion
chamber [20].

In Figure 8, the modeled curves of the particlegerature and the gas temperature are plotted vérsugme. At
t = 0 s a particle temperature of,T= 900 K was specified as the initial value. Iltaissumed that the particles
temperature in the fuel block is below the gas ®emafure. Hence, at the beginning, the temperatffierehce of the
gas and the particles is significant. The particleed approx. two millisecond to heat up. Gradutdly particles
temperature reaches the gas temperature. Afteit d5omns from start point (release point from fubBre is hardly
any recognizable difference between particle teatpee and gas temperature. In Figure 9 the parictgerature
and gas temperature are plotted over the flight pathe particle for the same case. In this whg, lieating of the
particle can be clearly seen in the first few ameters of the flight path. A very good approximatio the gas
temperature is reached after approximatelly 0.1nnboth, Figures 8 and 9, a drop in temperatubigerved at the
end of the trajectory. The reason is the shapbetonvergent-divergent exhaust nozzle, which imeoted to the
end of the combustion chamber. Through the no#faéecombustion products are expanded and cooled.dow

1400

| I R—

1200

Melting temperature
T=933K

f |

800 -

Temperature [K]
=)
o
o
T

———— Particle temperature
Gas temperature

600 L L ? | L L L | L 1 L L L
0 5E-07 1E-06 1.5E-06 2E-06
Longitudinal axis of the particle [m]

Figure 10: Enlarged view of the modeled curvepasticle temperature and gas temperature on the
longitudinal coordinate of the particlejé@tory s, with identification of the melting location
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5.1 Melting and Evaporation

It was explained earlier (s. Chapter 3) that thétingeand evaporation process of the aluminum plagiis very fast.
Therefore the respective process can be consi@dargtstantaneous. No melting or evaporation fractidl be built.
These phase transformations are exclusively depérate the temperature, so it can be approximatad tthese
processes are taking place under thermal equitibdanditions. The phase transformation time intisrixave been
documented in Chapter 3.3. The melting of the garticcurs at 0.0008 mm from starting point andeth@poration
of the Al droplet occurs at 0.37 m from startingmdsee Figures 9 and 10).

5.2 Gasreactions without condensation
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Figure 11: Modeled curves of the mass increasaaokemical reactions of
various gas components in the gas cloud over the [20]

Here the simulation results for gas-phase reactiased on Equations R3 - R6 are analyzed and gespld3he gas-
phase reactions do not start until the evaporaéaiperature of the aluminum particle,J,= 2743 K is reached\s
soon as it is gaseous, it may react with the flag groducts. Due to the high reaction rate in égnsitR3 and R4
aluminum Al and oxygen Qundergo a very quick reaction to AlO, Al@nd O. The amount of water vapoiGHand
carbon dioxide C@remains almost constant despite chemical reactibinis is due to the low reaction rates in the
Equations R5 and R6. Figure 11 shows modeled cwivd®e mass change due to chemical reactionsradusagas
components in the gas cloud over time. It shouldidited that AlO acts as a product in equationsH&3and R6, in
equation R4 however, it is an educt. For this reasioee mass of AlO increases until the aluminumadmpletely
consumed and decreases thereafter due to the nghadr hate of reaction equation R4 compared to IRBR6. It is
also observed that the mass of CO andréinains almost constant, although chemical reasttake place. The
reason also lies in the low reaction rate of theagign R5 and R6.

5.3 Gas phasereactions with condensation

In Chapter 3.3 the solely virtual existence of Al&,O and AIG was demonstrated by means of equilibrium
constants in equations R8 - R14. Once they areddrtiey oxidize in a chemical reaction with theefgas products
(O, CO, and H) and condense to liquid aluminum.

The result of the analysis of the condensation ggeds shown in Figure 12. The mass of AlO and,Aérero for
the whole time because they react immediately t@A(l) as soon as they originate. The mass gDAll) increases
and reaches a constant value as soon as the alansnconsumed completely. Later the liquid aluminfurther
transforms due to a decrease of temperature isdliet aluminum (s. next section - solidification).

14



MODELING OF THE TRANSFORMATION KINETICS OF SMALL META PARTICLES

4E-09 3000

3.5E-09 - 2800

3E-09 |-
2600

2.5E-09 -

[¥]
B
o
S

3
= 2
= 3
w 2E-09 - T_!
H g
= £ 2200
1.5E-09 |- fis
o Aluminium [kg] 2000 I
1E-09 AIO [ke] i %
s i Particle t t \
sE-10 | Al,O, kg] 1800 I- G:gl;:;":er?;i:aeure \ \
N
| e e i - 1 I 1600 b1 ‘ L. - w
0.02796 0.02797 0.02798 0.02799 0.03014 0.03016 0.03018 0.0302
Time [s] Time [s]
Figure 12Modeled mass devolution over the time Figure 13: Enlarged view of the modeled curves of
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5.4 Solidification of Liquid Aluminium

Liquid aluminum is the major product of the comlmstof aluminum particles within a hybrid rocketgame.
However, due to the temperature reduction it ddesaimain in the liquid state. In subchapter 3.8as shown that
the solidification of aluminium oxide droplets che considered as a function of temperature. Afteformation the
Al,O5 dropletwill immediately change into the solid state aemperature of &, = 2327 K . In Figure 13 the exact
time of solidification pointcan be extracted at a distance of 0.487 m front ptant. The aluminium oxide AD;
exits at the nozzle end as a sqdatticle (glas phase).

6. Conclusion

In this paper the transformation kinetics of aluammn particles within the combustion chamber of HRES been
studied in more detail. Aluminum particles compateather metals have the best performance, shegdchieve
the highest specific impulse due to the high hdaixidation and reaction enthalpy. Additionly, thbgve a high
density, thereby providing a compact solid fueligfarm. This has a positiv influence on mass catsion ratio of
the whole rocket launcher. The mathematical moHalse been implemented in executable code and abuwyith
CFD code TAU, which simulate the combustion proogihin the HRE (Euler approach). With these modhks
transformation processes during melting, evapanatiagas state, condenstion from gas state, sohdiibn, different
types of diffusion prozesses, as well as chema&attions of metal particles and their suboxideh tie surrounding
flue gas products have been successfully describeel.investigated aluminum particles have a diameftel = 5
microns; they move along the selected stream liitkivthe combustion chamber without coming in @abtwith
the chamber walls at any point. Along the streaenfipecially the motion and transformation of a iphlise gas/Al-
particle cloud with a diameter of d = 1 mm werelgsd. The kinetics of melting and the evaporapioocess were
described with models which determined the meltngvaporation mass rate. Under the described tionslj the
aluminum particle is melted within only 0,0& and evaporated within 7. In that case the process can be
described using the equilibrium state conditionise Themical processes within the cloud have begarded as
non-equilibrium processes. The determination ofkinetics of chemical reactions between aluminumigas and
the gasified combustion products was carried ouriguprocess definitions for the reaction rate amel teaction
velocity of chemical reactions. Subsequent to thentcal processes, the condensation process wasleced as
prozess in equilibrium statélhe main product of the combustion of gasified ahumm and successive condensation
is liquid aluminum oxide (AlOs;). Dependent on boundary conditions for relaxationthe nozzle also solid
aluminium oxid, mostly as a glas phase, can beedea

Furthermore, in the paper the decomposition kisedtitalane (AlH), based on the limited available experimental
data was defined. The short decomposition timecatdi the very rapid process, which still takes glan the fuel
surface or in its vicinity. As a decomposition puetipure aluminum is generated, but only lastsafeplit second.
For this reason, alane particles were not furtbBoved along the stream line.
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In the future, the presented mathematical modelsbsi extended to allow computations for other rsetenetal
alloys and metal hydrides such as Mg, Al-Mg allMgH,, etc.. CFD multiphase flow models provide, as smow

here, a

possibility to investigate the transforomakinetics of metal particles inside the combusttbamber of HRE

and thus a better understanding of the entiregscThis promising CFD tool will be further deyed within the
DLR ATEK research project. Within the project thanmerical work will be supported by limited numbefr o
laboratory tests of various metal-containing fugiredients.

Abbreviations

ATEK  AntriebsTEchnologien fir Kleintréager
CEA Chemical Equilibrium with Applications
CFD Computer Fluid Dynamic

HRE Hybrid Rocket Engine

HTP High Test Peroxide @@, > 70%)

HTPB Hydroxyl Terminated Polybutadiene
ODE Ordinary Differential Equations

Important indices

chem chemical

cloud cloud volume (model)

con convection

dec decomposition

evap evaporation

f flame, reaction

gas gas state

melt melting

p pressure

par particle

rad radiation

sol solidification
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