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A general theoretical model is presented to analyze the steady-state decomposition process of liquid monopropellants in
packed beds for thruster systems. Additionally, an experiment studying the decomposition of liquid hydrazine in a
packed bed is used to validate this model. The liquid droplet evaporation rate is determined through calculating the
gas-liquid mass transfer for the mixture temperatures lower than the liquid propellant boiling point and solving the gas-
liquid or liquid-solid heat transfer equations at the temperature exceeding the boiling point. The process of liquid pro-
pellant decomposition in packed beds are simulated based on the Naive-Stokes equation for the mixture model inte-
grated with the developed liquid evaporation rate, in which both the heterogeneous catalytic reaction coupled with the
diffusion of reactants in the pore of catalyst, and the homogenous decomposition reactions are considered. The calcu-
lated results for the axial distribution of the temperature are in good agreement with the experimental data. © 2014
American Institute of Chemical Engineers AIChE J, 61: 1064-1080, 2015
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Introduction

The monopropellant thruster system is widely used to
adjust the orbit of and control the attitude of satellites and
spacecraft in space missions. Hydrogen peroxide was first
developed as a monopropellant by Germany.' Due to the
low specific impulse (in the range of 165-185 s) of monop-
ropellant hydrogen peroxide,2 it was gradually replaced by
hydrazine (specific impulse 220 s) after hydrazine and Shell
405 catalyst developed. Recently, with the satellite evolution
directed toward single-function microsatellites, hydrogen per-
oxide received some researchers’ attention again in the
microthrusters system.3_9 However, due to being simple and
reliable,'®"'? the decomposition of hydrazine in packed beds
is still widely used in monopropellant thruster systems in the
common spacecraft. In addition, considering the toxicity of
hydrazine-based propellant and the low specific impulse of
hydrogen peroxide, some aqueous energetic ionic liquids,
such as ammonium dinitramide (ADN), hydroxyl ammonium
nitrate, and hydrazinium nitroformate, have been proposed
and investigated as new monopropellants.>?° Although
some experiments investigating these green monopropellants
have been developed in the laboratory, due to some engi-
neering problems, these new monopropellants are not widely
used in practice. The hydrazine-based monopropellant
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thruster system is still one of main sources of power in space
missions because of its high reliability. Therefore, in this
article, liquid hydrazine decomposition in packed beds is the-
oretically and experimentally investigated. In addition, the
model developed in this article constitutes a general theory
that can be used to analyze other monopropellant thruster
system by simple replacing the relevant chemical reaction
kinetic parameters and propellant property parameters.

In the hydrazine-based monopropellant thruster system,
hydrazine can spontaneously decompose into ammonia,
hydrogen, and nitrogen in the presence of metal catalysts
such as iridium at relatively low temperatures, through which
chemical energy is converted into dynamic energy, and then
propulsion force is produced. Although this process has been
applied to thruster systems for many decades, a clear under-
standing of this process is still lacking due to its fast reaction
rate and the toxicity of hydrazine, which make these system
quite difficult to investigate in detail through experimental
methods. To enhance the effectiveness for designing and
developing such propellant systems, numerical simulations
have often been used to analyze and understand the effects
of various design and operational parameters on the perform-
ance of thruster systems.”"?

In a previous study, Kesten first formulated a numerical
method to analyze the steady-state and transient behavior for
the catalytic decomposition of liquid hydrazine in a packed
bed. In his model, the resistance to the intraparticle diffusion
of the reactants, the gas-solid mass transfer and heat transfer,
and the conservation of mass and energy were considered.
Kesten” also extended his model to allow for varying
feed pressure and mass flow rate with times by simply
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considering the reaction chamber fluid dynamics to simulate
the process of the thruster start-up. With using this model,
Kesten®® obtained extensive numerical results under various
operational conditions, which were validated by the relevant
experimental data. As a result, Kesten’s model®’ is still cur-
rently used for analyzing the process of liquid hydrazine cat-
alytic decomposition in a packed bed.”* However, Shankar
et al.” thought there were some limitations in the usefulness
of this model’s results for designing an optimized thruster
considering the correlation of numerical data. In addition, in
Kesten’s model®® the transport limitations between the
phases were ignored and all of the energy released by the
catalytic decomposition of hydrazine in the entrance of
packed bed was assumed to vaporize the liquid hydrazine.

Urrutia and Linan®® developed an analytical model for
steady-state hydrazine decomposition to circumvent the com-
plicated numerical calculation in Kesten’s model.?® In their
model, the hydrazine decomposition was divided into three
distinct regions: the induction region, the two-phase region
and the postinduction region. In the induction region, the
only relevant decomposition is that of hydrazine, and all of
the energy released is used to heat liquid hydrazine to its
boiling point. When the temperature reaches the boiling
point, the liquid hydrazine is then rapidly vaporized while
the process continues into the two-phase region. In the two-
phase region, gas and liquid coexist, and the liquid hydrazine
is further vaporized. At the end of the two-phase region, a
gas mixture is formed and has access to the postinduction
region, where the residual hydrazine is heterogeneously and
homogeneously decomposed into ammonia, hydrogen, and
nitrogen; the catalytic dissolution of ammonia also occurs in
the high-temperature region. Under these assumptions, the
complicated physical phenomenon of the catalytic decompo-
sition of hydrazine in a packed bed was reduced to three
individual regions. Additionally, analytical expressions for
the length of every region and for all of the fluid compo-
nents were obtained. Therefore, the effect of each parameter
on the thruster performance could be very easily evaluated.
This artificial assumption simplifies the process of calculat-
ing the liquid hydrazine decomposition in a packed bed, but
limits the general applicability of the model.

With the development of computational fluid dynamics
(CFD) commercial software and computer technology, inves-
tigating some complicated systems including multiple physi-
cal and chemical processes, has become possible. The
underlying principles of processes such as the decomposition
of a liquid propellant in a packed bed characterized by high
temperature and pressure, high toxicity reactants or fast reac-
tion, which are difficult to study through the experimental
method, can be clearly investigated by CED.>"* Zhou®
first used CFD tools to explore a hydrogen peroxide-based
monopropellant microthruster system and to optimize the
packed bed together along with designing the nozzle and
thruster systems. For simplification, the authors ignored the
process of heating and vaporizing the liquid, and the steam
of the liquid was assumed as the inlet condition. The effect
of liquid evaporation is not considered in their study, reduc-
ing the process to single-phase flow in a porous media. How-
ever, the vaporization of liquid droplet in porous media has
been verified to be important for this process.’' In addition,
recently, for the numerical simulation of propellant combus-
tion in space, Plaud et al.’? used the direct numerical simula-
tions to analyze the process of heterogeneous propellant
combustion. Thakre et al.>* used one—dimensional (1-D) N-S
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equation coupled with the detailed chemical kinetics to simu-
late the process of liquid ADN monopropellant burning in
the space. Amri and Rezoug34 used the thermochemical
method to investigate the liquid propellants combustion for
space applications. Zaseck™ used the granular diffusion
flame theory to simulate the combustion of micro aluminum
and hydrogen peroxide. It is possible that these models
would be used to analyze liquid monopropellants decomposi-
tion in packed beds in future.

In this article, the process of hydrazine decomposition in a
packed bed is simulated by CFD methods, considering the
liquid droplet vaporization in porous media. The liquid
hydrazine is first injected into the packed bed through a cap-
illary tube by high-pressure nitrogen and then atomized into
droplets by atomizers at the exit of the capillary tube. When
the droplets contact hot catalyst particles, the liquid hydra-
zine is heated and vaporized through gas-liquid and liquid-
solid heat transfer; the vaporized product is catalytically
decomposed, and chemical energy is released. In this situa-
tion, the fluid is accelerated from a velocity of a few milli-
meters per second at the entrance to a few meters per second
at the exit by flowing through a packed bed of 2 to 3 cm,
and it is heated from atmosphere temperature to be higher
than 800°C%; the problem is strongly nonlinear, involving
the multiple coupled physical and chemical equations.
Although numerical methods have been thoroughly devel-
oped in the past, solving the equations for simulating this
process using the grid N-S theories for multiphase flow in
porous media is still challenging. To analyze this process
with a mathematical model, some assumptions have to be
made to simplify the physical and chemical process; for
example, the relative gas-liquid slip in the porous media is
ignored due to the strong interaction between the phases, so
the gas and liquid phases can be treated as a homogeneous
mixture phase in solving the momentum equations. The rate
of vaporization of the liquid droplets is calculated by differ-
ent models in different temperature ranges. When the mix-
ture temperature is lower than the liquid boiling point, the
corresponding value is obtained by calculating the gas-liquid
mass transfer. When the mixture temperature exceeds the lig-
uid boiling point, the process is dominated by the gas-liquid
or liquid-solid heat transfer, where the relative contribution
can be determined by solving the collision probability
between the liquid droplet and the hot solid catalyst. For
energy transport, the energy conservation equations for the
mixture phase and the solid phase are solved, and the disper-
sion of the mixture phase from the catalyst packing structure,
the thermal conductivity, and the radiation of the catalyst are
considered. The gas-solid mass transfer and gas intraparticle
diffusion are also taken into account for calculating the reac-
tion rate. The models developed here are solved by the CFD
software Fluent 6.3.26 with user defined scalars (UDS), user
defined functions (UDF) and user defined memory (UDM).
The simulation results were validated by the experimental
data, which were performed in a packed bed of ID 18 mm
and length 29 mm in a vacuum chamber with an absolute
pressure of 0.5 Pa.

Model

The decomposition of liquid hydrazine in a packed bed
involves a large number of complicated nonlinear physical
and chemical processes, such as liquid vaporization, liquid
phase disappearance, gas phase appearance, gas phase
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diffusion and reaction, and momentum, mass and heat trans-
fer between the gas and the solid or the gas and the liquid.
In particular, the interactions among the gas, the solid, and
the liquid in this system are often several orders higher than
those of general chemical industrial processes. To circum-
vent these complications, the following assumptions have to
be made:

1. The gas-liquid relative slip is ignored as a result of the
strong interaction between the gas and the liquid in the
porous media, so the gas and liquid can be treated as a
homogeneous fluid.

2. The liquid hydrazine is assumed to be uniformly
injected into the packed bed at the arbitrarily selected inlet
location.

3. Because the packed bed is often used under vacuum,
the effect of heat transfer at the wall boundary can be
ignored. The anisotropy of the heat and mass transfer result-
ing from dispersion is also not considered.

4. The effect of the capillary pressure among particles is
neglected, and the pressure drop of the packed bed is calcu-
lated by the semiempirical Ergun equation.

5. Because the pores among in the catalyst particles are
smaller than the turbulence length scale, the effect of turbu-
lence on the fluid viscosity is not included.

6. The reaction rate is assumed to be enough fast to pre-
vent liquid hydrazine from wetting the pores of the particles,
so only the vapor-phase reaction is considered.

7. According to Martyneko’s36 assumptions for dealing
with liquid droplets burning in porous media, the interaction
between droplets during evaporation is neglected, and the
liquid fuel droplets are assumed to be monodisperse. Here,
the mean diameter of the initial liquid droplet is character-
ized to be 120 um by PDA (laser phase Doppler
anemoneter).

8. According to the literature,* in the appropriate range
of temperatures and pressures for the operation of thrusters
the decomposition of hydrazine are represented as a three-
step reaction mechanism:

N H,—%2NH; +N,+H,
Heat
2N2H4—>2NH3 +N2 +H2
Cat
2NH3 —>N2 + 3H2

A model for liquid hydrazine decomposition in a packed
bed is developed according to the above assumptions. In
addition, the corresponding governing equations will be
detailed in the following sections.

Mass conservation

V- (eppimitm) =0 ey

Here, ¢, is the porosity of the packed bed, uy, is the veloc-
ity of the mixture, and p,, is the mixture density, which can
be calculated as:

Pm=8gPgTELPL @)

where ¢, and ¢ are the volume fractions of the gas and the
liquid, respectively. The density of the gas phase can be
obtained from the ideal gas law:
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where M., is molar average molecular weight of the mixture,
Ty is the temperature of mixture, and R is the ideal gas
constant.

Momentum conservation

V - (&ppyltmlim )= —&,Vp+V - [um(Vum+VuE1)] +Su @)

Here, Sy denotes the momentum sink vector term due to
the packed catalyst, which can be calculated by the well-
known semiempirical Ergun equation:

_ lgolum(]_sb)z ]'8pm(]_8b)
d023b3 dcsbS

SM Um+ ‘Um|Um (5)

where U,, is the superficial velocity of the mixture, and d.
the diameter of catalyst. The viscosity of the mixture can be
expressed as:

ﬂm:Mg8g+ML8L (6)

where .., K> and y; are the viscosities of the mixture, the
gas, and the liquid, respectively.

Volume fraction of gas and liquid
According to mass conservation for the liquid phase, the
liquid volume fraction equation can be written as:
V- (8L8prum):mg,L @)

where mg is the mass exchange between the gas and the
liquid. In addition, the volume fraction of gas can be
described as:

oL teg=1 )

Energy conservation

The energy conservation equation for the mixture can be
expressed as

v- <Z sium(piEi-l-p)) ==V (JmVTn)+Sg+S:  (9)

i=gL

where A, is the thermal conductivity o f the mixture, which
will be described in detail in the section of thermal
conductivity.
hy
E;is defined as: E;= P ug* (10)

g pg 2

where h;, and &, are the enthalpy of the liquid and the gas,
respectively, at a certain temperature.

Regarding a solid catalyst, the energy conservation equa-
tion can be written as

V- (kVT,)=—Se (1n
The heat source Sg represents the heat transfer between

the mixture phase and the solid
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6
SE:ocm,s(l—sb)%(Ts—Tm) (12)

where oy, ¢ is the heat-transfer coefficient between the mix-
ture phase and the solid, and it can be calculated as

) Jn (Undopi\ % (Comptn ) />
s =260 0 40,69 2 ( ZmLpPm pm /i (13)
dc dc &bl Am

In Eq. 9, the source term S, represents the chemical reac-
tion heat.
Se= (Rae™ + Ricnt ) AHN M+ RITE AN (14)

het

RE;H“ and RE;mH“ are the reaction rates of the heterogene-
ous and homogeneous decomposition of vapor hydrazine,
respectively; RE:[I“ is the heterogeneous decomposition rate
of ammonia; and AHNM and AHN are the enthalpies of
reaction for hydrazine decomposition and ammonia dissolu-

tion, respectively.

Species transport equations

Based on the theory of species conversion, the species
transport equations of hydrazine, nitrogen, ammonia, and
hydrogen can be described, respectively, as follows:

N> H. N> H.
V- (eapytteY oot +Dno1, VY Noh, ) =g L= (R + R )M,

hom
(15)
V - (egpatteYenm, +Dn, VYgnn, ) = (Rha™ —Rie” ) My,
(16)

1
V- (eapgitsYen, +Dx, VYyx, ) = 5 (REH 4RI ) My, (17)

1 3
V- (Sgpgugygﬂz +DHZVYg<H2) = (ERE&PM + ERE5?3>MH2

(18)

where Mx,u,, Mxu,, Mn,, and My, are the molecular weights
of hydrazine, ammonia, hydrogen, and nitrogen, respectively.
Dn,1,, Dnn,, Dn,, and Dy, are the effective mass-diffusion
coefficients for hydrazine, ammonia, hydrogen, and nitrogen,
respectively.

Mass exchange between the gas and the liquid

In the hydrazine monopropellant propulsion system, the
liquid hydrazine is driven through the capillary tube by high-
pressure nitrogen and atomized into small droplets via the
atomizer at the exit of capillary tube. Then, the liquid drop-
lets are jetted into the packed bed and contacted with the hot
catalyst. In this process, when the mixture temperature is
lower than the hydrazine boiling point, the vapor pressure on
the surface of the droplet is equal to the saturated vapor
pressure. Here, the gas-liquid mass exchange is mainly domi-
nated by the gas-liquid mass transfer. With the chemical
energy released by the catalytic decomposition of hydrazine,
the mixture is heated to reach or exceed the hydrazine boil-
ing point. In this case, when the droplet approaches the hot
catalyst, the dynamics of the liquid droplet most likely occur
in two cases: the liquid droplet spreads over the hot surface
of the catalyst, and the liquid droplet is elastically repelled
by the vapor cushion that forms beneath it on the hot cata-
lyst surface. For the first case, the gas-liquid mass exchange
is determined by the liquid-solid heat transfer. For the
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second case, the value can be described as the rate of liquid
droplet burning in the high-temperature gas products or the
gas-liquid heat transfer. Which case occurs in the liquid
droplet strongly depends on the overheating extent of the
catalyst and the droplets velocity and size and physical prop-
erties. If the catalyst overheating increases, the probability of
the second case is higher. However, under the same catalyst
surface temperature, the larger inertia of the liquid droplet
would increase the probability of its spreading over the parti-
cle surface. In addition, the viscosity, heat capacity, and
other physical properties are also important parameters for
determining the action of the liquid droplet.

Based on the above analysis, when the temperature of the
mixture is lower than the liquid hydrazine boiling point, the
evaporation rate can be written as

Myt =kg1 %MNZHA (1=2) (R, ~R,) (19
where k,; is the gas-liquid mass-transfer coefficient, d, is
the liquid droplet diameter, c{,y, is the concentration of
hydrazine-saturated steam at the corresponding temperature,
and c}i,zm is the concentration of hydrazine in the gas mix-
ture. According to Assumption 1, k1, can be calculated as:

Dn,h, — ODN2H4

kg1 =Sh
el dp dp

(20)

When the mixture temperature exceeds the hydrazine boil-
ing point, the evaporation rate can be written as

mg L= (1—ot)mg+om 1)

where m, and m, are the evaporation rates of the liquid
droplet for the first case and the second case, respectively,
and o is the collision probability between the liquid droplet
and the hot catalyst surface. In the first case, the gas-liquid
mass exchange can be evaluated by the liquid droplet burn-
ing model in a high-temperature gas in free space. Using the
energy conservation theory,37 m, can be expressed as

=) i Cpan(Tw—Th
mg=127( 2g) in (14 @nTm=Th) 22)
dp Cp,m /’lfg

where Ty, is the hydrazine boiling point, and /g, is the liquid
hydrazine latent heat of evaporation.

In the second case, according to Buyevich’s theory,*® my
can be written as

6 (Ts—Ty)

S Sl BV A— 23
ds hfg"l‘(,'p"m(Tm_Tb) ( )

ms=os1(1—éep)

where o is the liquid-solid heat-transfer coefficient, which
can be evaluated through the results reported by Ganic and
Rohsenow.?” In their article,39 the evaporation effectiveness
factor was defined to simplify the calculation for the liquid-
solid heat transfer and can be written as

T\’
Myap = CXP (1_ (Fb) ) (24)

Therefore, the liquid-solid heat transfer equation can be
written as

QS,L:MmSLPthviap (25)

and the liquid-solid heat-transfer coefficient can be expressed
as
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s L= > (26)

Regarding the calculation of the collision probability o,
Buyevich et al.®® first numerically analyzed the case of a
single-obstacle particle with various shapes. Recently, Marty-
nenko et al.*® made improvement by studying spherical par-
ticles in a packed bed, and the numerical results were fitted
to obtain the following equation:

(1-a)6\ " ,
a=(——) (0.093+0.387Stk—0.054Stk*) (27

T

where Stk is the Stokes dimensionless number, which can be
expressed as

Sth=—L— (28)

In Kesten’s model, the authors® assumed that the energy
released by the reaction at the entrance of the packed bed
was fully used to heat and vaporize the liquid hydrazine until
the liquid was totally vaporized. When the mixture tempera-
ture is lower than the hydrazine boiling point, the gas-liquid
mass exchange is assumed to be zero, and the hydrazine
concentration in this region can be calculated from the satu-
rated vapor pressure of liquid hydrazine at the corresponding
temperature. When the mixture temperature reaches or
exceeds the hydrazine boiling point, the reaction heat is
entirely used to vaporize the liquid hydrazine. Therefore, the
vaporization rate of the liquid can be written as

N, H. N, H. N> H NH; NH
(Rhezt ! +Rh(§m4)AHr o +Rhel%AHr :
hig

(29)

mg_L=

Zhou et al.’® developed a 1-D model to analyze the cata-
lytic decomposition of H,O, in a microthruster system. In his
model, the system was first assumed to be divided into five
independent regions: (I) the early heating of the monopropel-
lant to the water boiling point; (II) the vaporization of liquid
water; (IIT) the additionally heating the hydrogen peroxide to
its boiling point; (IV) the vaporization of hydrogen peroxide;
and (V) the gas-phase decomposition of hydrogen peroxide.
However, to simplify the numerical calculation processes,
regions I to IV was ignored in their model. Therefore, the inlet
boundary could be set as the liquid vaporization products.

Gas-phase reaction rate

The kinetic expression of the homogeneous vapor-phase
decomposition of hydrazine has been investigated by a num-
ber of researchers.***' The acceptable Arrhenius equation
can be written as

(30)

hom

1.523%10°
K2Hs =2 14% 10" exp <— 7>

RT

Similarly, the kinetic parameters for the catalytic decom-
position of hydrazine can be found in the following equation
in the references*':

1.15x10*

NoHy _ 10

khgtH“—l.OXIO exp <— RT. ) (31)
The kinetic expression for the vapor-phase catalytic

decomposition of ammonia on platinum catalysts was

reported by Melton et al.***:
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(32)

het

31x10°
K5 =3.0%10' exp (—M>

RT,

The gas-solid mass transfer should be considered because
the catalytic reaction is so fast that, especially for hydrazine
decomposition even at low temperatures, the reaction rate is
mainly dominated by the mass transfer between the gas
phase and the solid. Because the catalytic materials are
impregnated on the interior and exterior surfaces of the
porous particles, the diffusion of the reactants into the
porous structure of the particles must also be considered.
However, to simplify the numerical simulation process, the
effect of thermal conduction inside the porous particles on
the intraparticle diffusion effectiveness factor is neglected.
Therefore, the following mass conversion equations can be
expressed**:

6
NoHy _
Ryei ™ =knom, v, m, C?\Izl'h _kgim d. (ckszA _Cls\fz"h) G3)
P
RNH3 =k C?‘IHs _kNH; 6 b s 4
het — ANHTINH; 716 ~Res -\ ON T O (G4
(C‘Hz) p
S
NH; _ NHy g, ©
Rhet3 =kNH, TINH; —;16 7klg—1,§ d_ (Cltilz _Cls'lz) (35)
(ct,) b

Because the diffusion rate of hydrogen is larger than that
of ammonia, Eqs. 34 and 35 can be expressed as:

;X 6
Mb = (R =) (36)

NH
Rye” (Clb{z)l'é_ & g,

het . =KNH; 1INH;

where ny,y, and nyy, are the intraparticle diffusion effec-
tiveness factors for the hydrazine catalytic decomposition
and the catalytic dissolution of ammonia, respectively. c?
and ¢} are the concentration of hydrazine, ammonia, or
hydrogen in the free gas phase and on the surface of the cat-
alyst particles, respectively.

By solving the equations for the reaction coupled with the
intraparticle diffusion* in the catalyst particles, an analytical
expression for the effectiveness coefficient of the intrapar-
ticle diffusion can be obtained as

_tpr v
m‘@meo MJ G7

where ¢; is the Thiele modulus number for the catalytic
decomposition reaction of hydrazine or ammonia, which can
be calculated as:

ki
D, (38)

d.
;= 3

Here, Df is the effective diffusion coefficient for hydra-
zine, ammonia, and hydrogen in the catalyst pore, which can
be evaluated by the formula D{=D; . 7 is the tortuosity fac-
tor and assumed to be 2. The gas-solid mass-transfer coeffi-
cient for each pure component can be expressed as

1/2 1/3
i D; Di (Und.p, Ug
K =2.08 ' +0.69 " (39)
es TG, dc< eolly p.Di

where the superscript and subscript i represent hydrazine,
ammonia, and hydrogen.
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Parameters
Thermal conductivity

Thermal Conductivity of the Gas Mixture. According to
the Champan—Enskog kinetic theory of gases,* the thermal
conductivity of a pure gas is a function proportional to the
square root of the temperature. The thermal conductivity of
a gas at a certain temperature can be expressed as

LT
)Lg_,i:)ngti T (40)

where i;i is the thermal conductivity of ith pure gas at the
reference temperature 7°, which is given in the Supporting
Information. The thermal conductivity of the gas mixture is
computed based on a simple mole fraction average of the
pure specie’s conductivities:

;Lg:Z )Lgﬁixi “41)

For correctly predicting the mass and heat transfer in the
packed bed, we considered the influence of dispersion on the
heat transfer. In this study, because the porous structure in
the packed bed is assumed to be isotropic, the heat-transfer
coefficient due to both the transverse and longitudinal disper-
sion of the mixture can be calculated as*®

Pe

Ad=2gPmCpm > (42)

where Pe= ““j—d° is the dimensionless Peclet number. There-

fore, the effective thermal conductivity of the mixture can be
written as

S =g+ (43)

Effective Thermal Conductivity of the Porous Catalyst.
The thermal conductivity of the homogeneous solid mixture
can be as simple as a sum of the pure solid thermal conduc-
tivity multiplied by the component mass fraction, so the
expression can be written as:

Am=Y_Asiyi (i=ALOs, Tr) (44)

where Ag; is thermal conductivity of the ith component of
the pure solid, which is assumed to be constant in this study
and given in the Supporting Information, Asy, is the thermal
conductivity of the solid mixture. Because the catalyst is a
porous media, its effective thermal conductivity can be
obtained by the following equation®’:

ds 142ye.+(29°—0.17)e. +0.05e exp (4.57)
)vs.,m I_V‘SC

(45)

Here, ¢, is the porosity of the catalyst. The parameter 7
can be expressed as

(46)

Effective Thermal Conductivity of the Packed Bed. The
effective thermal conductivity of the packed bed saturated
with a stagnant fluid consists of four distinct heat transfer
mechanisms: (1) heat transfer through the contact surface of
the solid particles; (2) conduction through the stagnant fluid
near the contact surface; (3) radiation between the solid
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surfaces (when the radiation of the gas in the void is
neglected); and (4) conduction through the solid phase. Kunii
and Smith*® considered these mechanisms and developed a
correlation to estimate the effective thermal conductivity of
the solid structure in packed beds, which can be given as

k: _ ﬁkrvdc ﬁ(l_gb)
k—g—£b<l+ kg )+(

1 S
1/ Fkesde [k + ﬁ)
where k can be calculated by the formula k= ,’f—‘ ks and Ky

are the radiation from solid to solid and void to gvoid, respec-
tively, which can be calculated as

4N

ke =40T* 5 (48)
or
_ 4673
krv - 1 + & (173r> (49)

2(1-e) &

where ¢ is the Stefan—Boltzmann constant, and the empirical
value f§ is f=0.895 for a close packing of spheres and =1
for a loosely packed bed. The empirical value ¢ was chosen
to be 2/3. The empirical constant y,, which is defined as the
coordination flux number, is a function of the number of
contacts responsible for heat transfer. For basic loose pack-
ing Kunii and Smith*® argued that n=1.5 and for a close
packing n=4+/3. When the value of g, is greater than 0.260
and smaller than 0.476, i, can be approximated by

—0.26
lp;:‘ﬁz*'(%‘“pz)%

where /; and , are evaluated for a loose and close arrange-
ment, which can be obtained from

(50)

0.5(5=1)sin 20, 2
V.= =] -— (61
In (k—(k—1)cos Op) — (=) (1—cos 0p) 3«

Here, 0, is the fraction of the total heat-transfer coefficient
associated with one contact point between two spheres,
which can be obtained by:

sin” 0y=1/n (52)

Gas diffusion coefficient

The mass diffusivity coefficient Dap for most binary gas
mixtures can be obtained from handbooks. The value of
hydrazine is predicted within approximately 5% by Chap-
man—Enskog kinetic theory, which can be written as

1 1 1
Dag=0.0018583, /T3 —+— )| ——— 53
AP <MA MB) PoaQas 63

where M, and My are the molecular weights for substances
A and B, respectively. The dimensionless quantity Qg is
the “collisional integral” for diffusion and is a function of
dimensionless temperature k7 /exp. With the prediction of
kT /eap, the value of Qap can be obtained from references.®
Therefore, k/eap and oap can be calculated as:

fan _ fnn

k Vk«k (54
1

GAB:§(6A+(7B) (55)

Here, o is the molecule characteristic diameter of mole-
cules, often called the collision diameter, and &5 is the
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characteristic energy or the maximum energy of attraction
between a pair of molecules. g5 and ¢5 for most substances
are available in literature, but the properties of the gas-phase
hydrazine considered in this study are not reported. There-
fore, the following equations are usually used to estimate
properties for unknown substances from the properties of the
fluid at the critical point, which can be expressed as

%A —0.77T* (56)

1/3
: TA
%A =2.44 <P—A> (57)

where T2 and P% are the relevant critical temperature and
critical pressure, respectively.

D; used in solving Egs. 15 to 18, is the mass diffusion
coefficient for species i in mixtures, and it can be computed
as

l—xi
Zj,j;éi (xj /Dij)

where x; is the mole fraction of componenti.

Di= (58)

Heat capacity

The heat capacity of a pure component is computed as a
function of temperature. The heat capacity of a mixture is
evaluated by the mass-weighted mixing law of pure-species
heat capacities, which can be written as

Cp,m = § Cp‘iyi
i

where y; is the mass fraction of pure species i. The relevant
pure species heat capacities are given in the Supporting
Information.

...... (i=N,H4,NH3, Hy, N>) (59)

Numerical solution method and boundary condition

In this article, the governing equations are solved by the
mixture model in the commercial Fluent 6.3.26 package and
the corresponding UDS, UDF, and UDM functions. Gambit
2.2 is used to generate the computational grid. The momen-
tum, mass, and energy conservation equations are discretized
by the second-order upwind differencing scheme over the
finite volume wused. The coupled algorithm under the
pressure-based solver is used for the momentum and continu-
ity equations.

The inlet boundary is designed as a mass flow, where the
temperature is 300 K. The outlet boundary is a pressure
boundary. Other boundary conditions are specified as walls.
The influence of wall on the fluid flow is neglected, and the
heat flux at the walls is specified as a constant zero.

The sketch of the thruster is shown in Figure 1. Theoreti-
cally, only liquid is present at the boundary of the entrance.
In fact, because the pressure decreases abruptly at the exit of
capillary tube, it is inevitable that the liquid is partially
vaporized. Therefore, in our solution process, 1 wt % of the
liquid is assumed to be vaporized to gas at the inlet bound-
ary, and it has been proven that this setting can also improve
the stability of the solution.

In this solution, the under-relaxation factors are set to 0.8
for the density, 0.9 for the energy, and 0.75 for the species
transport equations. The Courant number is set to 2.0, and
the explicit relaxation factors for momentum and pressure
are defined to be 0.75. The convergences criteria of the sum
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Figure 1. Sketch of the physical model.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

of the normalized absolute residuals, which are defined as
the sum of the absolute residuals values per grid point over
all of the grid points normalized by the value of that same
summation at the beginning of the iterative solution proce-
dure, are set to 1.0 X 10~ for continuity equation, 1.0 X
10~? for the energy equation and 1.0 X 10> for the rest of
equations. This solution process is performed on a computer
server with 24 CPU (3.0 GHz) and 128 GB memory.

Results

To decouple the effect of calculating the mesh grid, the
mesh was checked before all of the simulations. Our results
shown that the effect of calculating mesh grid can be
neglected for all calculations when the mesh size is 0.025 X
0.05 mm.

Influence of mass flux

To validate this model, experiments for liquid hydrazine
decomposition in a packed bed were implemented in a vac-
uum chamber with a pressure of 0.5 Pa, and a detailed
description of the experimental equipment can be found in
the Supporting Information. A packed bed with an ID of
18 mm and a length of 29 mm was used and filled with the
catalyst particles with a diameter of 0.8 mm. In the experi-
mental process, the liquid hydrazine was compressed into
the packed bed through the capillary tubes by high-pressure
nitrogen, and the desired mass flux was obtained by adjust-
ing the nitrogen pressure. Quartz wool with a thickness of
20 mm was used as an insulating layer around the packed
bed to prevent the heat loss from the packed bed surface,
which was further covered by aluminum tissue to decrease
the heat radiation between the packed bed and the wall of
the vacuum chamber. Therefore, the temperature in the
packed bed can be approximately described by the surface
temperature, which was determined by seven K-type thermo-
couples fixed on the surface of the packed bed at the inter-
vals of 5 mm. In this experiment, the mass flow of
hydrazine was set to 5.5 kg m 2 s, the inlet pressure was
0.7 MPa, and the reaction pressure in the packed bed was
0.6 MPa. The variation of the reaction pressure with time is
given in the Supporting Information. In addition, the packed
bed was heated to the desired temperature before feeding the
liquid hydrazine to avoid damaging the catalyst in the low-
temperature start-up. The relevant experimental data are
shown in Figure 2, and to reach steady state, all of the
experiments here were carried out for more than 200 s.
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Figure 2. Variation of temperature with time at the dif-
ferent axial positions of the packed bed.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

When the liquid hydrazine stopped feeding, the temperatures
in the back region of the packed bed began to decrease, but
the temperature near the entrance of the packed bed
increased due to the disappearance of cooling from the latent
heat of liquid hydrazine vaporization, as described in Figure
2. This observation also indicates that considering the effect
of liquid vaporization is necessary in simulating the liquid
hydrazine decomposition process in the packed bed.
Comparisons between the experimental results and three
model predictions of the axial distribution of the mean tem-
perature with various liquid hydrazine mass fluxes are shown
in Figures 3-5. As the plots in these figures show, the simu-
lation results based on the model developed in this article
have better agreements with the experimental data than the
results of other models. According to the predictions from
Zhou’s and Kesten’s models, the high-temperature region
appears in the front of the packed bed, which strongly dis-
agrees with the experimental results. The possible reason for
this disagreement is the deviation of the real rate of liquid
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Figure 3. Comparison of the temperature distribution
between the simulation results and the exper-
imental data (Mass flow: 5.5 kg m—2 s’
Chamber pressure: 0.6 MPa).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
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hydrazine evaporation from their assumptions. In their mod-
els, the limitations of the transport phenomena for the liquid
vaporization are ignored; all of energy released by the hydra-
zine decomposition reaction is used to vaporize the liquid
hydrazine, which would result in the liquid hydrazine being
rapidly vaporized and then catalytically decomposed near the
entrance of the packed bed. As a result, the system tempera-
ture quickly increases and reaches a maximum in this region.
In fact, due to the limitation of transport phenomena between
phases, the chemical energy released by the hydrazine cata-
lytic decomposition is only partially used to vaporize the lig-
uid hydrazine, so the real rate of liquid hydrazine
vaporization in the packed bed should be smaller than of the
rate predicted in Kesten’s model. As the experimental data
show in Figures 2-5, the high-temperature region realisti-
cally appears in the back of the packed bed, which agrees
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Figure 5. Comparison of the temperature distribution
between the simulation results and the exper-
imental data (Mass flow: 11.79 kg m~2 s~'
Chamber pressure: 1.4 MPa).
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

DOI 10.1002/aic 1071


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

0.02

0 05 1 15 2 25 3 35 4 45

0.01

Diameter of Bed(m)

001 0015 002 0025

0.01

Diameter of Bed(m)

0.01 0.02 0.025

0.015

=4
o
-

Diameter of Bed(m)
o
8
w

00 0.005 0.02

0.01
Length of Bed(m)

0.015 0.025

o
N0 Pemgy
.,
e
o' b .
- -
3 _ .
g. 4o’ F -.
3 - a
» -
N -
& T
x10 --
-
Ixlo l-
-
0 " " i M
0 < 10 15 20 % W0

Length of Bedimen )

0.03

Pressure DropiPa)
-
s
-
.
-

0 < 10 14 20 b1 30

Length of Bed(men)

0.03

o' f¥ae g
s
e
' -
a0’ b -
-
-
" -
LT S -
- . -
= -
F o4 p -
i -
F " C
v
§ Wilo -
Z .
£, .
o' b »
.
o p -
.
0 i " A .
0 $ 10 15 20 % 30

0.03
Length of Bodimm)

Figure 6. Distributions of the mixture velocity and the pressure drop for the different operational cases (a: Mass
flux = 5.5 kg m~2 s~', Chamber pressure = 0.6 MPa; b: Mass flux =9.44 kg m~2 s~', Chamber pressur-
e =1.05 MPa; c: Mass flux = 11.79 kg m~2 s~', Chamber pressure = 1.4 Mpa.
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with our model’s prediction. This phenomenon is proven
again by the video snapshot of the liquid hydrazine decom-
posed in the 2-D transparent quartz packed bed, given in the
Supporting Information. For the model developed in this arti-
cle, the deviation from the experimental results in the
entrance as shown in Figures 3-5 is associated with the high
thermal conductivity of the stainless steel shell of the packed
bed, which makes the surface of the stainless steel shell near
the entrance of packed bed heated by the high temperature
region in the back of the packed bed. Therefore, the real
temperature in this region should be lower than the experi-
mental results and closer to our prediction. Based on our
model’s results, shown in Figures 3-5, the solid catalyst tem-
perature is higher than that of the gas mixture near the
entrance, which results from the solid catalyst near the
entrance of the packed bed being heated by the high-
temperature particles in the back of the packed bed. How-
ever, in the back of the packed bed, the relative temperature
difference between the gas mixture and the solid disappears
due to the improvement of the gas-solid heat transfer rate
with increasing fluid velocity. Generally, improving the solid
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catalyst temperature near the entrance favors promoting the
liquid droplet vaporization and stabilizing the performance
of liquid hydrazine decomposition. Therefore, optimizing the
energy balance over the whole packed bed through the rele-
vant theoretical analysis is important for obtaining a good
thruster system performance. In addition, both the experi-
mental data and the simulation results in Figures 3—5 show
that the high-temperature region moves forward to the back
of the packed bed with an increasing mass flux of liquid
hydrazine because more liquid is required to be vaporized.
Based on the above analysis, it can be concluded that the
performances of the packed bed in the entrance is mainly
dominated by the liquid vaporization or the gas-liquid and
liquid-solid heat transfer.

Figure 6 shows the distributions of the mixture’s velocity
and pressure drop under the different operational conditions.
A comparison of parts a—c of Figure 6 indicates that
although the mass fluxes of liquid hydrazine are increased
from 5.5 to 11.79 kg m 2 s~ ', the velocity of the mixture at
the outlet is not obviously improved because of the increase
of mixture density as the reaction chamber pressure
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[Color figure can be viewed in the online issue, which is
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increases. As shown in the right of Figure 6, the change of
the pressure drop with increasing mass flux in our study can
be ignored compared with the corresponding reaction cham-
ber pressure.

According to the literature,23 three main reactions occur in
the packed bed. The axial distributions of every reaction rate
under a certain condition are given in Figure 7. The hetero-
geneous decomposition reaction of hydrazine first occurs and
reaches a maximum near the entrance of the packed bed.
When the reaction system is heated by the chemical energy
released by the heterogeneous reaction of hydrazine, due to
the intraparticle diffusion effect of the reactants along with
the hydrazine depletion in the back region of the packed
bed, the homogeneous decomposition of hydrazine begins,
and its reaction rate exceeds that of the relevant heterogene-
ous reaction. According to the bar chart for the mean reac-
tion rate over the whole packed bed shown in Figure 7, the
hydrazine catalytic decomposition reaction, which is three
times faster than the homogeneous decomposition reaction of
hydrazine and ammonia, dominates the decomposition pro-
cess of liquid hydrazine.

The axial distributions of the liquid voidage for various
mass fluxes, shown in Figure 8, indicate that the liquid
hydrazine is rapidly vaporized near the entrance due to the
pressure abruptly changing and contacting the high-
temperature catalyst. Additionally, the simulation results sug-
gest that the length of the gas-liquid coexistence region is
increased with improving mass flux. This length has been
verified to be critical parameter for stabilizing the liquid
hydrazine decomposition process in the packed bed.*’
According to the conclusions of a previous study, if the
length of the gas-liquid coexistence region exceeds one-fifth
of the length of the packed bed, the stability performance of
the packed bed decreases.

In Figure 9, the axial distributions of the ammonia, hydro-
gen, and hydrazine molar fractions are presented for mass
flux of 5.5 kg m 2 s~ ! (black line), 9.44 kg m 2 s ! (red
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line), and 11.79 kg m 2 s ! (blue line). It can be seen that
the hydrazine rapidly decomposes near the entrance, and the
hydrogen and ammonia concentrations reach particular val-
ues. Then, the ammonia begins to be heterogeneously
decomposed in the high-temperature region at the back of
packed bed. The effect of the mass flux on the hydrazine
decomposition reaction can be ignored, and the dissolution
ratio of ammonia is slightly decreased when the mass flux
increases.

Influence of the packing structure

In designing the packed bed for the catalytic decomposi-
tion of the liquid propellant, the catalyst size, and the rele-
vant packing structure are often changed to optimize the

Il W

002 004 006 008 0.1

0.02 0

0.015
E
©
@
% 001 a
S
Q
8
(-]
E
& 0.005
a
0
[V 001 0015 002 0025 003

0015

001

Diameter of Bed(m)
=4
3
T -

0 0.01 0.015 0.02 0.025 0.03

0.015 =
E /
©
@
voo- 0.01p=
5 C
£
% 0.005 =
Q
00 0.005 0.01 0.015 0.02 0.025 0.03

Length of Bed(m)

Figure 8. Axial distribution of the liquid volume fraction
(a: Mass flux=5.5 kg m™2 s~ '; b: Mass
flux =9.44 kg m~2 s~ 1; Mass flux =11.79 kg
m2s77),

[Color figure can be viewed in the online issue, which is
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performance of packed bed. Due to the heterogeneous hydra-
zine decomposition reaction mainly dominated by the intra-
particle diffusion of reactants, decreasing the particle size
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can improve the catalytic decomposition reaction rate of
hydrazine but also can lead to a large pressure drop under
the same fluid velocity. In this section, two types of par-
ticles, with diameters of 0.8 X 107> m and 1.4 X 107" m,
were used, and five types of different packing structures
were used. In Case 1, only the catalyst particles with diame-
ters of 0.8 X 107> m were used. In Case 2, the particles
with diameters of 0.8 X 10~ m were packed in the region
of length shorter than 1.5 X 102 m, and the rest of the
packed bed was filled with the catalyst particles with diame-
ters of 1.4 X 10~ m. In Case 3, the region of length shorter
than 10 X 102 m was filled with particles with diameters
of 0.8 X 1072 m, and the rest was filled with particles with
diameters of 1.4 X 10~ m. In Case 4, the region of length
shorter than 5 X 10> m was filled with particles with diam-
eters of 0.8 X 107> m, and the rest was filled with particles
with diameters of 1.4 X 107° m. Finally, in Case 5, only
particles with diameters of 1.4 X 10~ m were used. The
mass flux was set to be 9.44 kg m % s~ ! and the reaction
chamber pressure was 1.05 MPa.

The length of the packed bed filled by particles with ID
0.8 X 10 m in the entrance was decreased from 29 mm in
Case 1 to 5 mm in Case 4. In Case 5, the particles with ID
1.4 X 10~ m were used to pack the whole packed bed. The
effect of the packing structure on the mixture velocity is
shown in Figure 10. From this figure, it can be seen that the
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Figure 10. Distribution of the mixture velocity with various packing structures.
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[Color figure can be viewed in the online issue, which
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distributions of mixture velocity in Case 1 to Case 4 are
nearly consistent and obviously different between Case 4
and Case 5. Therefore, the diameter of catalyst used and the
relative packed length near the entrance of the packed bed
are critical parameters for the axial distribution of the mix-
ture velocity. The effect of packing structure on the mixture
velocity is relative small and can be ignored only if the
same particles are used in the entrance with the length big-
ger than 5 mm.

In optimizing the packed bed, the desired goal is to make
the pressure drop as low as possible under the same thruster
force. The effects of packing structures on the pressure drop
based on our model’s results are shown in Figure 11. From
comparing the relevant calculated results for Case 1 to Case
5, it can be seen clearly that the difference of the pressure
distributions among Cases 2, 3, 4, and 5 is small and can be
almost ignored, but the pressure drop is obviously higher in
Case 1. Based on Eq. 5, the pressure drop not only is deter-
mined by the fluid velocity but also strongly depends on the
particle size. Because the fluid velocity near the entrance of
packed bed is apparently lower than that in the back region
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Figure 12. Axial distribution of the N,H, mole fraction
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[Color figure can be viewed in the online issue, which
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of the packed bed, decreasing the particle size in this region
does not lead to an obvious increase of packed bed pressure
drop in Case 2 through Case 5. When the small particles are
used in the region of high fluid velocity in the back of
packed bed, the pressure drop is obviously increased as rep-
resented by Case 1.

The axial distributions of the N,H; and NH; mole frac-
tions for various packing structures are given in Figures 12
and 13, respectively, based on our model’s results. Due to
the catalytic and thermal decomposition, hydrazine is gradu-
ally converted into ammonia, nitrogen, and hydrogen from
the entrance to the back of packed bed. In Case 1 and Case
2, although different sized catalysts are used in the region
with the length bigger than 15 mm, the variation of the
hydrazine mole concentration can be ignored. In Case 3 and
Case 4, due to decreasing the length of the packed bed using
small-particle size catalysts, the concentration of hydrazine
in Case 4 is higher than that in Case 3, which can be
explained by the reaction of hydrazine catalytic decomposi-
tion reaction mainly dominated by the gas intraparticle diffu-
sion. Figure 13 gives the axial distributions of the NHj3
concentration in Case 1 to Case 5. With the decomposition
of hydrazine, the NHj3 concentration is gradually increased
from the entrance to the back of the packed bed. When the
gas mixture has access to the high temperature in the back
of the packed bed, the ammonia is further catalytically
decomposed into hydrogen and nitrogen. In addition, because
the ammonia decomposition reaction is mainly dominated by
the intrinsic chemical reaction kinetics, the ammonia concen-
tration at the outlet is almost constant in all cases.

In Figure 14, the distributions of the liquid volume frac-
tion with various packing structures are given. The effects of
the packing structure in Case 1 to Case 4 are small and can
be ignored. In Case 5, the length of the gas-liquid coexis-
tence region is obviously bigger than that in the other cases.
The critical factor for determining the length of the gas-
liquid coexistence region is the rate of liquid vaporization,
which is mainly dominated by the gas-liquid and liquid-solid
heat transfer. From Figure 14, it can be observed that the lig-
uid is almost fully vaporized in the region of the packed bed
shorter than 5 mm. In this region, the main thermal energy
originates from the heterogeneous catalytic decomposition of
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hydrazine, which is dominated by the gas intraparticle diffu-
sion, so using the small-particle size catalyst can improve
the reaction rate and shorten the length of gas-liquid coexis-
tence region. Based on the experimental data in the litera-
ture,*’ decreasing the length of the gas-liquid coexistence
region favors stabilizing the whole thruster system, so the
particle size in this region should be as possible as small in
designing the packed bed.

The distribution of the gas mixture temperature is calcu-
lated by summing the released energy of hydrazine decom-
position and the adsorbed energy of ammonia
decomposition. Due to the ammonia decomposition reaction
being dominated by the chemical kinetics, the influence of
the packing structure on the reaction rate can be ignored.
Therefore, the effect of the packing structure on the distribu-
tion of the mixture temperature is mainly determined by the
hydrazine decomposition reaction. As shown in Figure 15,
the distribution of the mixture temperature is almost consist-
ent when the same particle size catalyst is used in packed
bed with a length shorter than 15 mm, such as in Case 1 and
Case 2, because the hydrazine has been fully converted in
this region. However, with decreasing the length of using
small particle sizes in Case 3 to Case 5, the high temperature
region gradually moves forward to the outlet of the packed
bed. Especially in Case 5, the change of the catalyst particle
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size near the entrance leads to the obvious difference for the
temperature distribution in this region.

Discussion

The decomposition of liquid hydrazine in a packed bed is
theoretically analyzed in detail and experimentally investi-
gated here. In this system, the liquid hydrazine is first com-
pressed into atomizers through capillary tubes by high
pressure-nitrogen and then atomized into liquid droplets as
described in Figure 1. Regarding the liquid droplet, two
cases possibly occur, when the particle is jetted into the
packed bed and contacted with the hot catalyst. If the over-
heating extent of the hot catalysts is small enough, due to
the inertial force, the droplet can spread over, and make an
actual touching with the surface of catalyst, and then be
vaporized. In this case, the rate of liquid vaporization can be
calculated by the liquid—solid heat transfer given in Eq. 22.
However, in the second case, when the catalysts overheating
exceeds the critical value, a thin intervening vapor layer
between the droplet and catalyst would be formed through
the intensive evaporation of the liquid droplet by the over-
heating catalyst radiation. It is possible that the droplet
rebounds from the surface of the particle by excessive pres-
sure. In this case, the rate of liquid evaporation, which is
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calculated based on the rate of gas-liquid heat transfer as
represented in Eq. 21, is controlled by the droplet burning in
the high temperature gas phase. Due to the limitations of the
gas-liquid and the liquid-solid heat transfer, the chemical
energy released by the hydrazine decomposition reaction is
not fully used to vaporize the liquid droplet, which explains
for overestimating the liquid vaporization based on the Kes-
ten’s and Zhou’s models, as shown in Figures 3-5.

In developing monopropellant thruster systems, research-
ers often reduce the catalyst diameter to improve the reaction
rate of hydrazine catalytic decomposition reaction rate, but
this reduction also leads to high flow resistance. Near the
entrance of the packed bed, chemical energy needs to be
released as fast as possible to vaporize the liquid droplet by
the catalytic decomposition reaction of hydrazine, so select-
ing a small catalyst diameter favors improving the reaction
rate and does not lead to high flow resistances because of
the relative low fluid velocity, which is confirmed in Figures
11, 14, and 15. As the reaction proceeds and the hydrazine
is fully depleted, a great deal of high-temperature gas prod-
ucts form, and the fluid velocity increases in the back of the
packed bed, where using relatively bigger catalysts can
decrease the packed-bed pressure drop. In addition, the main
reaction occurring in the back of the packed bed is the cata-
lytic decomposition of ammonia, which is dominated by the
¢ intrinsic chemical reaction kinetics, so the effect of the cat-
alyst particle size on the reaction rate in this region can be
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ignored. Therefore, the requirements of a high reaction rate
and a low pressure drop across the packed bed can be simul-
taneously met using small particle size catalysts near the
entrance of the packed bed and relatively larger catalysts in
the back of packed bed.

The liquid propellant catalytic decomposition in the
packed bed is distinguished from burning in the free space
by the packed catalyst. Due to the thermal conductivity and
the radiation of catalyst and the dispersion of the gas phase
from the packed catalyst,*® the catalyst can be used not
only to decompose the propellant vapor but also to promote
the stability of the thruster system. As much energy as pos-
sible is needed in the front of the packed bed to vaporize
the liquid propellant, but most of chemical energy in the
back of the packed bed is directly used to heat the catalyst
and gas-phase products. Provided that the energy in the
back of the packed bed can be efficiently transferred to the
low-temperature region near the entrance by adjusting the
catalyst properties, the packing structures or other parame-
ters of packed bed, the rate of liquid vaporization can be
improved, and the system temperature in the back of the
packed bed can be reduced, so the catalyst life in the high-
temperature region can be prolonged. This work has
required extensive experimental testing in the past, but it is
possible to enhance the effectiveness of such an experimen-
tal program by the mathematical model developed in this
article.
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Conclusions

A general model for liquid monopropellant decomposition
with the simultaneous evaporation of liquid droplets in a
packed bed is developed, taking gas-solid mass transfer and
mass and heat conservation for mixtures or solid catalysts
into account. In this model, the rate of the liquid droplet
evaporation in porous media is obtained by calculating the
gas-liquid mass and heat transfer or the liquid-solid heat
transfer under the different conditions. An experiment study-
ing hydrazine decomposition in the packed bed is used to
validate the developed model, and there are good agreements
between the theoretical predication and experimental results
of the axial distribution of the gas mixture temperature.
Based on the above discussions, the main conclusions can be
summarized as follows:

1. Ignoring transport limitations or liquid evaporation
effects, such as in the Kesten’s and Zhou’s models, overesti-
mate the rate of liquid hydrazine vaporization and cannot
obtain satisfactory prediction results for the axial distribution
of the mixture temperature.

2. In the liquid hydrazine decomposition process in the
packed bed, the catalytic decomposition of hydrazine is
mainly dominated by the intrapartice diffusion of the reac-
tants, and the ammonia decomposition reaction is determined
by the intrinsic chemical reaction kinetics. In addition, the
hydrazine catalytic decomposition reaction, which is three
times faster than the homogeneous decomposition reaction
of hydrazine and ammonia, dominates the decomposition
process of liquid hydrazine in the packed bed.

3. In designing the packed bed for a thruster system,
using small particle size catalysts near the entrance can
accelerate the rate of liquid hydrazine vaporization, shorten
the length of the gas-liquid coexistence region and broaden
the operational range. However, if the length of packing in
the bed with the small-particle size catalysts exceeds a cer-
tain value or enters the high-fluid velocity region in the back
of packed bed, the pressure drop increase. Based on the the-
oretical method developed in this article, the appropriate cat-
alyst size and the relevant packing length can be
theoretically predicted.

4. Due to the heat conductivity and the radiation of the
solid catalyst, energy can be transferred from the high-
temperature region at the back of packed bed to low-
temperature region near the entrance. This ability of balanc-
ing the energy from the porous media favors promoting the
liquid hydrazine vaporization and stabilizing the performance
of the liquid hydrazine decomposition in the packed bed.
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Notation

CHZ = hydrogen concentration in bulk phase, mol m -3

¢y, = hydrogen concentration on the surface of catalyst, mol m
cﬁzl_h = hydrazine concentration in bulk phase, mol m >

-3

-3

I\LHA = hydrazme concentration on the surface of catalyst mol m

CNH} = ammonia concentration in bulk phase, mol m™-

C\m, = ammonia concentration on the surface of catalyst, mol m?
C\,n, = concentration of hydrazine saturated steam at the relevant tem-

perature, mol m 3
¢pm = heat capacity of mixture, J kg 'k!
d. = catalyst diameter, m
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d, = liquid droplet diameter, m
DAB mass diffusion coefficient of binary mixture A and B, m?s
Dy, = effective diffusion coefficient for hydrogen, m’s”

-1

1

Dy, n, = effective diffusion coefficient for hydrazine, m’ s~

Dy, = effective diffusion coefficient for ammonia, m st

Dy, = effective diffusion coefﬁc1ent for nitrogen, m?s !
-1

hy = enthalpy of gas, W kg !

hgg = liquid hydrazine evaporauon latent heat, J kg
hy = enthalpy of liquid, W kg™ ' K~

kg = effective conductivity of packed bed, W K 'm

-1

-1

kN’H4 = mass-transfer coefficient for gas hydrazine between gas and
solid, m st
kN{H‘ = mass-transfer coefficient for ammonia between gas and solid,
k S
m s

kg1 = mass transfer between gas and liquid, m s

ks = heat-transfer coefficient for the thermal radiation, solid surface
to solid surface, w m2K!

kv = heat-transfer coefficient for the thermal radiation, void space
to void space, wm > K™!

My = molecular weight for substance A, g mol ™"

s = molecular weight for substance B, g mol '
mass exchange between liquid and gas, kg m
M, = mixture average molecular weight, g mol ™
My, = hydrogen molecular weight, g mol !
nitrogen molecular weight, g mol ™
hydrazine molecular weight, g mol '

My, = ammonia molecular weight, g mol ™!

n= number of contact points on a semispherical surface of one
solid particle

fz pressure of mixture, Pa

Cc

-3

» = critical pressure of substance A, Pa

¢s1. = heat flux between liquid and solid, J m 2

R = gas constant, J mol ™~ K!
RhNng“ = rate3 of 1heterogeneous decomposition vapor hydrazine, mol,
m °s
Ry = rate% of 1 homogeneous decomposition vapor hydrazine, mol,
m ’s
R?e'f‘ = rate of heterogeneous decomposition ammonia, mol, m3s!
Sy = momentum sink vector due to the packed bed, N m 3
Ty, = liquid hydrazine boiling temperature, K
T? = critical temperature of substance A, K
Tm = mixture temperature, K
T, = solid temperature, K
T* = reference temperature, K
U, = superficial velocity of mixture, m s~
Uy = mixture velocity, m st

=
|

= mole fraction of the ith pure gas
yi = mass fraction of the ith pure components
Yo N,n, = mass fraction of hydrazine in gas mixture
Yo NH mass fraction of ammonia in gas mixture
g,NH3
Y, n, = mass fraction of hydrogen in gas mixture
N, = i i i ixtu
Yy N, = mass fraction of nitrogen in gas mixture

Greek letters
o = collision probability for liquid droplet and solid surface
o = heat-transfer coefficient between mixture and solid, W K ™' m 2
g1 = heat-transfer coefficient between liquid and solid, W K~ ' m 2
f = empirical parameter
ea = characteristic energy of molecules A
&, = porosity of packed bed
& = porosity of catalyst
& = gas viodage
&L = liquid viodage
& = emissivity of catalyst solid
Nyap = effectiveness factor of evaporation
., = effectiveness factor of intraparticle diffusion for hydrazine
heterogeneous decomposition
NN, = effectiveness factor of intraparticle diffusion for ammonia het-
erogeneous decomposition
0y = angle corresponding to boundary of heat flow area for one
contact point, radians
Kk = dimensionless parameters = 2—
Jq = thermal conductivity of mixture due to the dispersion of
packed bed, W K'm!
Jg; = thermal conductivity of the ith pure gas, W K 'm
) g = thermal conducthlty of the ith pure gas at the reference tem-
perature, W K™ m -1

-1
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Am = thermal conductivity of mixture, W K'm™
Js = thermal conductivity of porous catalyst, W K~ ' m™!
Jsi = thermal conductivity of ith component pure solid, W K™ ' m ™!
Jsm = thermal conductivity of solid mixture, W K~' m™'
My = viscosity of gas, Pa's
1 = viscosity of liquid, Pa s
Uy = Viscosity of mixture, Pa s
¢ = empirical parameter
py = gas density, kg m?
p = liquid density, kg m >
pm = mixture density, kg m?
¢ = Stephan-Boltzmann constant, w m 2K™*

oa = characteristic diameter of molecules A, m
= enthalpy of hydrazine decomposition reaction, J mol "
= enthalpy of ammonia decomposition reaction, J mol ™'

Dimensionless number

Pe = dimensionless Peclect number = ”'j—‘lc
Sh = dimensionless Sherwood number = %
Stk = dimensionless stokes number = ngu;
¢; = dimensionless Thiele module for the ith heterogeneous reaction
—de K
6 \/ D

Qap = dimensionless quantity (defined as a function of the dimension-

less temperaturekT /ap)

Subscripts and superscripts

b = packed bed
¢ = catalyst
¢ = gas phase

H, = hydrogen

m = mixture
L = liquid phase

N,H4 = hydrazine
NH; = ammonia

Li
1

2.

11.

12.

AIChE Journal

N, = nitrogen
s = solid
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