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The present paper describes a steady one dimensional model of the hydrogen peroxide decomposition flow in a
pellet-type catalytic bed and its application to the parametric design of a typical reactor for small rocket propellant
thrusters. The two-phase liquid-gas-vapor flow through the bed is treated as a homogeneous, adiabatic, chemically
reacting flow, for which the properties depend on the local composition. Fast equilibrium hydrogen peroxide
adsorption and first-order finite-rate desorption is assumed for the one-step hydrogen peroxide decomposition
reaction on the catalyst surface. Standard viscous/aerodynamic correlations for porous media are used to account for
pressure losses. The predictions of the model depend on a limited number of uncertain parameters, for which the
values can be readily determined by comparison with the available experimental data. Good agreement has been
attained between the model predictions and the results of hydrogen peroxide monopropellant thruster firings. The
model provides a rational framework for identifying the main operational parameters of catalytic pellet beds,
understanding their interactions, and efficiently guiding the reactor sizing and design, using the indications easily

obtained from sensitivity analyses.

Nomenclature
Aped = catalytic bed cross-section area
Ap = Arrhenius preexponential factor
C = molar concentration
C, = diffusion coefficient
o = friction coefficient
Cp = molar constant pressure specific heat
D, = pellet diameter
Epn = activation energy
e = molar internal energy
G = bed load
H = enthalpy
H,0 = water
H,0, = hydrogen peroxide
h = molar enthalpy
K, = equilibrium adsorption constant
k1 = backward adsorption constant
ki = forward adsorption constant
kp> = forward desorption constant
L = catalytic bed length
M = molecular weight
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Subscripts
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mean product molecular weight
propellant mass flow rate

number of active adsorption sites per unit volume
of the catalytic bed

molar flux per unit volume
oxygen

flow pressure

chamber pressure

pressure losses

saturation pressure

pressure of H,O, and H,O vapors
heat of vaporization

universal constant of gas

pellet Reynolds number

molar concentration

catalytic surface

Schmidt number

overall surface of the pellets

flow temperature

chamber temperature

dryout temperature

exit flow temperature

flow velocity

volumetric flow rate

H,0, mass concentration

void fraction

pressure drop

molar evaporation fraction parameter
bed porosity

relative occupancy of the adsorption sites
decomposition parameter
dynamic viscosity

viscous stress tensor

kinematic viscosity

Jj-th stoichiometric coefficient

catalytic bed end section
gaseous

initial condition

general element

liquid

pellet
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Superscripts

(9) = initial condition

" = products

! = reactants

° = standard condition

(s) = on the catalytic surface

I. Introduction

N RECENT years high concentration or rocket grade hydrogen

peroxide (HTP) has received increased attention as a storable
oxidizer for space propulsion applications due to its low toxicity and
relative ease of use. For the development of efficient HTP thrusters, it
is necessary to attain almost complete decomposition of the pro-
pellant by optimally matching the operating parameters of the
thruster (chamber pressure, HTP concentration, mass flow rate, and
feed pressure) and the configuration of the catalytic bed, which
depends on the propellant dwell time and load, on the choice of the
active catalytic species, as well as on the characteristics of the support
in terms of chemical nature (metallic, ceramic, etc.), shape (screens,
grids, pellets, or monoliths), porosity, and specific surface area.

The development of reduced-order models capable of rapidly
predicting the performance of catalytic beds, conducting parametric
analyses, and providing interpretative indications for the preliminary
sizing and design of liquid propellant rocket thrusters is of special
interest to space engineers. However, not many such models have
been proposed so far, probably due to the difficulty of adequately
describing the complex two-phase, chemically reacting, liquid-gas-
vapor flow through the catalytic bed. Satterfield et al. [1] have
examined the catalytic decomposition of H,O, in a tubular reactor
from an analytical standpoint. A numerical simulation of the
catalytically decomposing flow of H,0O, through a silver screen bed
has been reported by Chiappetta et al. [2]. The flow is assumed to be
axisymmetric, with pressure losses modeled by means of Darcy’s law
for porous media. The H,0O, decomposition kinetics is represented
by a one-step chemical reaction, in which the preexponential
constant in the Arrhenius law is assumed to vary linearly with catalyst
bed surface-to-volume ratio and the corresponding activation energy
is set to a constant value of 12 kcal/mol (50232 J/mol). Corpening
et al. [3] investigated the thermal decomposition of liquid HTP
injected in a hot stream of hydrogen peroxide (HP) decomposition
products. Their model assumes steady, 1-D adiabatic flow and
accounts for droplet evaporation, gas phase decomposition kinetics,
and the mass, momentum, and energy conservation laws for the two
phases.

None of these works, however, specifically refers to the HTP
decomposition through pellet bed reactors, which is the focus of the
present paper. By introducing suitable simplifications, the mass,
momentum, and energy conservation equations for the reacting flow
through a pellet bed reactor are specialized into a system of two first-
order, coupled, quasi-linear ordinary differential equations (ODEs)
for the pressure and reaction advancement parameter, for which the
solution for the imposed values of the inlet properties of the HTP flow
allows to determine the evolution of the entire flow as a function of
the distance from the inlet section of the catalytic bed. The model
predictions are found to depend on a limited number of uncertain
parameters, for which the values can be iteratively determined by
comparison with the available experimental data using standard
Bayesian system identification methods. The model provides in this
way a rational framework for identifying the main operational
parameters of catalytic pellet beds, understanding their interactions,
and efficiently guiding the preliminary reactor sizing and design
based on the indications readily obtained from sensitivity analyses.
The following sections illustrate in detail the development of this
process with reference to the application of the proposed model to the
reconstruction of the experimental results obtained by Torre et al. [4]
from recent firing tests of a 5 N HTP monopropellant thruster
prototype.

II. Reacting Flow Model in the Catalytic Pellet Bed

A. Homogeneous Two-Phase Flow Model
With reference to Fig. 1, a given mass flux

A ()] - (i)
1= Ty, 0,0 M0, + 00 Mo
of HTP solution enters the bed in liquid form at specified values of
pressure p;, temperature T;, and H,O, mass concentration Y; gets in
contact with the catalytic spheres; and decomposes into oxygen and
steam according to the global reaction:

1
H,0, - H,0 + EOZ —98.2 kJ/mol

originating a flow with local composition:

. (i Ym
0, () = fiflo, = A ~ Mo —h
22
. (i 1—-Y)m ) 1
nHzO(}\)Z”;{io‘*‘)\:%-FA and noz()\)zi)»
H,

The exothermic H,0O, decomposition increases the local
temperature, first heating the liquid flow up to the boiling conditions
corresponding the local value of the pressure and then progressively
evaporating both the H,0, and the H,O contained in the HTP
propellant. The resulting two-phase liquid-gas-vapor flow in the bed
is treated as a homogeneous, adiabatic, chemically reacting flow, for
which the properties depend on the local composition, assumed equal
in both phases, and on the advancement of the evaporation process
from ¢ = 0 (pure liquid) to 1 (pure gas). Oxygen dissolution in the
liquid phase, as well as the velocity and temperature slips between the
two phases, are neglected.

From Dalton’s law, the partial pressure of oxygen is

_ fio, p
no, + &(i,0, + fin,0)

Po,

as a function of the molar evaporation fraction ¢. For simplicity, the
partial pressures of H,O, and H,O are approximated as the products
of the partial fractions in the liquid times the saturation pressures at
the mixture temperature, and, therefore, in the assumption of equal
composition of the two phases

Ty, 0,
i =——22 p T) and
PH,0,(g) o, + o P:Hzoz( )
1,0
PHo(e) =7, = Psto(T)

ny,0, + MH,0

Substituting in the expression of the mixture pressure p = pg, +
PH,0,(s) T PH,0(g) ONE Obtains

[1 - e T ]p
ng, + €(fy,0, + fig,0)
_ T,0, Psiy0, (1) + o Psno(T)
B Ti,0, + iny0 a

po(T, 1)

Hence, at the bed inlet (129, = 0)
pi = p,(T:,0) = T =< Ty(p;) (inlet boiling temperature)

while at the conclusion of the evaporation (¢ = 1)

4
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+
4
<
*

Gas + Vapor

Fig. 1 Qualitative flow path inside the catalytic bed.
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o, + o + 7
< M0 T O T 70 ) (TU4) = T > Tyo(p. A)
ny,0, T NMH,0

(dry-out temperature)

For T; < T < T4, the (adiabatic) enthalpy balance of the mixture at
any axial location in the bed

1o, [hg, + €0, (T — T°)] + elrin,0,[h5,0, ()
+ om0, (T — T°)] + fimolhfy, o) + om0 (T — T}
+ (1 — &){ny,o, [hﬁzoz(z) + cpm0,00(T = T2)] + ’.leO[hf.{zo(l)
+ cpmo(T =T} = ’.lg;oz (",0,0) T Cpmr0,00(Ti — T°)]

+ ﬁl(-;io[hf{zou) + cpmon (Ti = T°)]

determines ¢ = ¢(T, A) < 1, and substitution of this result in the
preceding equation for p, (7, A) implicitly determines the temper-
ature T = T(p, A). On the other hand, for T > T, the liquid is fully
evaporated (¢ = 1), and the preceding energy balance can be solved
explicitly for the mixture temperature 7 = T'(A) (the pressure is
uninfluential in the present perfect gas approximation).

With these results, the volumetric fluxes of the two phases are

1,0, M0,

. n fig,oM
V,=0—¢) g) 2070

+ (1 - and
PH,0,()) PH00)

. . . . RT

V, = [ho, + e(iin,0, + 1tn,0)] 7

and all of the relevant properties of the homogeneous reacting
mixture: 1) concentrations

’;lHO "ZHO
BTy 1y, BT 4y,

n n + Ao + 1
Co,=—2_ and C=-—20 " "HOT 0
V4V, Vi+V,

2) density and void fraction

pP= hHZOZMHzoz + ﬁHzOMHZO + flonOZ aj 7‘./;;
Vi+ Vg

3) viscosities

wepu(l—a)+p,a and v=-—

4) constant pressure specific heat

_ MH,0,CpH,0, T H,0CpH,0 T 10,Cp0,
Ny,0, + N0 + Mo,

{ 0, = (1 = €)Cpm0,0) + €Cpm,0,(0)

c, with

oo = (I = €)¢pmo0) + £Cpmo()

can be determined as functions of the local values of the pressure p
and the reaction advancement parameter A.

B. Reaction Model

Fast equilibrium adsorption and first-order finite-rate product
desorption are assumed for the one-step H,0, decomposition
reaction on the catalyst surface S:

kpy 1
H,0, + S22/ S-H,0,(ad)5H,0 + 50;

Therefore, indicating with C® the relevant molar concentrations on
the catalytic surface, with N, the number of active adsorption sites
per unit volume of the catalytic bed and with 0 the relative occupancy

of the adsorption sites, from the reactant adsorption equilibrium
condition:

K. Co,

ks CY N.(1—0) =k, N,0 oneobtaing §=——2%2
fmo " 1+ K Clo,

where K| = k| /kj, the adsorption equilibrium constant. Similarly,

from the product desorption kinetics, the volumetric reaction rate is

K C(s)
}:' == kszYQ = Afze_EfZ/RTNS 171{2?3)
1+ K, Cy,p,

where A, is the Arrhenius preexponential constant and E, the
corresponding activation energy.

Standard viscous/aerodynamic correlations for porous media
(Ergun [5]) are used to account for pressure losses:

1-§ 1 — & pu? D
Pros _ (150 ‘¥ 1.75) _ P it Re,=-——2
dx Re, & D, v

where py, is the pressure loss, x the streamwise coordinate, £ the bed
porosity, u the nominal cross-sectional flow velocity (i.e., evaluated
for unit bed porosity), and D, is the (spherical) pellet diameter.

C. Governing Equations

Application of the pertinent governing equations to steady, 1-D,
adiabatic, homogeneous, creeping flow between two neighboring
axial stations of a catalytic bed with constant cross-sections gives
1) mixture continuity equation

d
9§pu-ds=0:> (pu)
s dx

2) species continuity equation

G
=0= pu=G = constant = u = —
P

PR d(C;u) dcC; P
ﬁCjwdS:[/(vj—vj)rdVﬁ d; gud—x’:(vj—vj)r

3) axial momentum equation

d
%puu-dS:—ggpdS—i—sﬁr-dS:pu—u
s N N dx

dp dp loss

=———-———==>=0
dx dx

while the adiabatic energy equation with formation energy con-
tributions and negligible viscous dissipation

dh
¢ph,u -dS =0 = pu——=0 = h, = constant
S dx

has already been used. Hence, from the general expression of
composition changes
oo Wi _ v
ViV, V4V,

and from preceding results, the relevant initial value problem (IVP)
for the reacting flow through the catalytic pellet bed can be expressed
Y Y (s)
v _Vit+V, ApeEr/RTN K1 Cio,
dx u ’

% with A0) =0
1+ K,Co,

dp 1—¢ 1—&pu? .
—=—(150 1.75 — th 0) = p;
dx ( Re, © )e* b, PO =pi

Together with the preceding expressions for the flow velocity,
density, viscosity, evaporation, and temperature, the preceding two
ODEs for the local composition and pressure can be numerically
integrated to determine the evolution of the flow as a function of the
distance from the inlet section.
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D. Diffusion Effects

For design purposes it is quite important to assess whether the
operation of a catalytic pellet bed is limited by mass diffusion effects
because, in this case, any improvement of the surface reaction
kinetics would be rather ineffective in increasing the bed perform-
ance. The similarity of transport phenomena provides a simple
approximate way to attain this objective. For a viscous and diffusive
boundary layer on a flat plate, the generalized Reynolds analogy
between mass and momentum transport on the wall surface can be
expressed by the ratio of the nondimensional diffusion coefficient
and the corresponding local value of the friction coefficient:

- (5) (5)
Cy _my [pu(Y; —Y;") 1 Sc-1/2 ;1

Cr 279 / pu? T2

Here the Schmidt number Sc = v/D is assumed equal to 1 (not
unrealistic approximation for most fluids [6]) and the friction
coefficient C, can be (very conservatively) estimated by attributing
to the viscous friction on the pellet surface S, all of the preceding bed
pressure losses (which include instead both viscous and aerodynamic
components):

dpios l—e¢ 1 — ¢ pu? 1 ,1dS,
CPoss _ (150 1.75 P s pur =L
dx ( Re, © & D, 2™ Adx

where for tetrahedral packing of the spherical pellets with diameter
D, in a bed of cross-sectional area A:

1dS, 72 1 ( 1-¢ )1—5
S TNt s o e —— (1504 1.75
Ade D, SV Re

=3

P

As a consequence, the mass flux of reactants at the catalyst surface is

(. s 1dS
= m;(-[rz)o2 = Cypu(Yy,0, — Yélz)o2 ZEP
s n\/i .
= Cdpu(YHZOZ - YI(-iz)Oz)D—MHZOZr
p

The mass fraction Y, l(-IAQOz of H,O, on the catalytic surface can be
expressed in terms of the molar concentration C:_,SZOZ using the equi-
mass diffusion condition in the fluid phase to/from the impermeable

catalytic surface (s):

)
© Mi0,Chijo,
H,0, = © ©

’ MHZOZ Cl‘fzoz + MP(C - CHSZOZ)

Finally, substitution of the expressions of Y,(_,SZ)OZ and r as functions of

CI({SZ)OZ in the preceding equation gives:

Mu,o, C%-iyz)o2 72
Captt| Yiso, — © ® D
Mu,o,Ch,0, + Mp(C = Cyo,) »
K,CY
— MHZOZAfzefEfZ/RTNx 1 Hz%z)
14 K,CYo,

from which C(HSZ)02 and, therefore, the influence of diffusive effects
can be estimated.

III. Model Results and Discussion

The model has been fitted on the test data of the first of a series of
monopropellant firings using the FC-LR-87 platinum-based catalyst
(Torre et al. [4], Romeo et al. [7]). In particular, the uncertain
parameters related to the geometric characteristics of the bed (the bed
porosity & and the number of active sites per unit bed volume N,) and
to the reaction kinetics (the Arrhenius preexponential factor A4, the
activation energy E, and the equilibrium constant K;) have been
chosen by matching the model predictions of the bed pressure drop
and outlet temperature to the corresponding test measurements.

Table 1 Model settings and results compared with the reference
bed configuration and firing

Reference bed Model
configuration
and firing results
FC-LR-87 FC-LR-87
Catalyst (Pt/a — AL, O3) (Pt/a — AL, O3)
Propellant 85.7% HP 85.7% HP
Pellet diameter 0.6 mm 0.6 mm
Bed diameter 18 mm 18 mm
Bed length 60 mm 60 mm
Bed load 19.02 kg/s m? 19.02 kg/s m?
Mass flow rate 4.84 g/s 4.84 g/s
Chamber pressure 17.65 bar 17.64 bar

Chamber temperature 831 K 830 K
Catalytic bed pressure drop 0.65 bar 0.63 bar
Advancement parameter - 94.80%

Good agreement has been attained between the observed data and the
model results, as illustrated Table 1. It may also be noticed in support
of the validity of the preceding approach that this procedure has
led to a value of the bed porosity equal to 0.40, in good agreement
(Kaviany [8]) with the bulk porosity of well shaken spherical packing
(0.36 < £ <0.43) and to a realistic value of the activation energy
(Ep, =18124 1] /mol) of the desorption rate constant [9].

Figure 2 shows the axial profiles of the H,O, decomposition
advancement parameter and of the flow temperature and the pressure
predicted by the model as functions of the distance from the
propellant inlet section for the reference configuration of the catalytic
bed summarized in Table 1. The temperature profile of Fig. 2 clearly
shows the presence of three different regions. In the first region the
HTP entering the bed gets in contact with the catalytic spheres and
starts decomposing into oxygen and steam, generating the rapid
increase of the flow temperature up to the local boiling conditions
(region I). In the second region the saturation temperature corre-
sponding to the local value of the pressure is reached and the vapor-
ization of the liquid starts to occur. During this phase the absorption
of the latent heat of vaporization essentially stabilizes the flow
temperature, generating the flat portion of the temperature profile
(region II). The very small decline of the flow temperature reflects the
dependence of the saturation temperature on the local pressure,
which is slowly decreasing as a consequence of the flow losses
through the bed. The simplified assumption of simultaneous evapo-
ration of H,0, and H,O results in just one nearly isothermal
vaporization process instead of the dual-step profile obtained by

p, Pa

Fig. 2 Axial profiles of reaction advancement parameter and flow
pressure and temperature predicted by the model for the reference
catalytic bed configuration of Table 1.
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Zhou and Hitt [10], assuming separate successive evaporation of
H,0 and H,0,. Clearly, neither of these approaches is exact because
they both ignore the solution of the mutual equilibrium of the two
liquids. However, the error introduced by the present approximation
is considered acceptable in consideration of the intrinsic accuracy of
the model because it only modifies the HTP evaporation profile
without significantly affecting the overall latent heat absorbed by the
process which controls the attainment of dryout conditions and
influences the flow conditions at the bed outlet. At the end of the
evaporation of the liquid (¢ = 1), the flow is completely gaseous
(dryout conditions), and the heat developed by the further decom-
position of H,0, tends to asymptotically increase the flow
temperature up to the adiabatic equilibrium HTP decomposition
temperature (region III), which depends on the initial composition
and, to a more limited extent, also on the flow pressure. As indicated
by the slope of the pressure profile in Fig. 2, the flow losses
monotonically increase along the bed together with the flow velocity
as a consequence of the HTP decomposition reaction, for which the
advancement reduces the flow density by first sustaining the
evaporation of the liquid and later by raising the gas flow temper-
ature. The advanced parameter reaches about 94% of the adiabatic
equilibrium value, indicating that the reference bed configuration did
not allow for complete H,O, decomposition, in accordance with the
results of firing tests.

Figure 3 reports the molar concentration profiles of the reactants
and products of the HTP decomposition in the axial direction along
the catalytic bed. There is no significant difference between the mean
local concentration of these species and the corresponding concen-
trations on the catalytic surface estimated by means of the simplified
treatment of mass diffusion effects (Sec. IL.D). Hence, it appears that
the reference configuration of the catalytic bed operates under finite-
rate kinetics conditions, suggesting that improvements of the
catalytic activity should have a significant impact on the bed
performance. This conclusion is fully consistent with the results of
firing tests recently carried out on a number of catalysts with different
decomposition activities (Pasini et al. [11], Torre et al. [4]).

As mentioned in the introduction, the proposed model also
represents a useful tool for understanding the role and mutual
relationships of the main parameters involved in the preliminary
design of catalytic pellet beds. To illustrate this point, the figures
from 4-8 show the parametric influences of the pellets diameter D ,,
the bed loading G, the bed length L, the chamber pressure p. and the
H,0, mass composition Y of the HTP propellant on the advanced
parameter A, the bed pressure drop A ,, and the bed exit temperature
Tena- All of these results have been computed using the estimated
values of the kinetics properties and bulk porosity of the reference
FC-LR-87 catalyst bed configuration.

3

C, mol/m

X, m
Fig. 3 Molar concentrations of the reacting species along the bed
length.
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Fig. 4 Advancement parameter A, pressure drop A,, and exit temp-
erature T, as functions of the pellet sphere diameter D, for the follow-
ing bed operating conditions and configuration: G =19.02 kg/m?s,
p. =17.65 bar,m =4.84 g/s, Y = 0.857,and L = 60 mm.

10 e r
I 1] S e .
< : : )
60 : : :
0 10 20 30 40
2 1 1 1
5 : : S
< | I it CEEEEEEEEE PEERERRRS
<+ ! x| !
.« X ! :
O n n n
0 10 20 30 40
1000 : , ‘
o : ! !
% soof--- W M ] B e
=] 1 1 1
o : : . u
O n n n
0 10 20 30 40
G, kg/(m’s)

Fig. 5 Advancement parameter A, pressure drop A,, and exit
temperature 7,4 as functions of the bed loading G for the following bed
operating conditions and configuration: p, = 17.65 bar, m = 4.84 g/s,
Y =0.857,D, = 0.6 mm and, L = 60 mm.

The analysis of Fig. 4 indicates that even a moderate reduction of
the pellet diameter from 0.6 to 0.4 mm is expected to have a positive
effect on the H,0, decomposition reaction, raising the advanced
parameter close to 100%. This improvement is clearly linked to the
larger active surface of the catalyst, but probably also to the increase
of the bed pressure drop, which in the present setup favors the
completion of the decomposition reaction by increasing the mean
operational pressure of the catalytic bed at the constant value of
the propellant mass flow rate controlled by the cavitating venturi
mounted on the HTP supply line. On the other hand, for pellet diam-
eters higher than 0.8 mm the bed pressure drop approaches an almost
constant value because the given bed length becomes insufficient for
completing the isothermal vaporization phase (region II).

The reduction of the bed load, which in the present operational
conditions at constant mass flow rate corresponds to an increase of
the bed cross-sectional area, yields a rapid improvement of the
advanced parameter and a drastic reduction of the bed pressure drop
(see Fig. 5). The second effect cannot be considered a real advantage
because it implies a reduction of the fluid dynamic dissipation in the
catalytic reactor and a parallel increase of the danger of the onset of
flow instabilities.
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Fig. 6 Advancement parameter A, pressure drop A,, and exit temp-
erature T4 as functions of the bed length L for the following bed opera-
ting conditions and configuration: G = 19.02 kg/m?s, p, = 17.65 bar,
m=4.84 g/s,Y =0.857,D, = 0.6 mm, and L = 60 mm.
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Fig. 7 Advancement parameter A, pressure drop A,, and exit temp-
erature T, 4 as functions of the chamber pressure p, for the following bed
operating conditions and configuration: G =19.02 kg/m?s, m=
4.84 g/s,Y = 0.857,D, = 0.6 mm, and L = 60 mm.

The increase of the catalytic bed length above the reference value
L = 60 mm affects the HTP dwell time by promoting the completion
of the decomposition reaction (see Fig. 6). Also in this case the
increased pressure losses have the same beneficial effect as for the
reduction of the pellet diameter.

The effects of the variation of the pressure in the chamber
downstream of the catalytic bed are illustrated in Fig. 7. This pressure
affects the mean operational pressure of the catalytic bed; high
pressures promote the completion of the reaction by reducing the bed
length required for the vaporization of the liquid, thereby extending
the next phase of H,O, decomposition in the gas phase. This effect is
confirmed by the temperature profiles of Fig. 9, computed at very
different values of the chamber pressure. Higher pressures in the
catalytic bed also increase the mean density of the gaseous mixture,
resulting in a reduced flow velocity and pressure losses (see Fig. 7).

Finally, Fig. 8 indicates that the level of completion of the H,0,
decomposition reaction increases with the initial H,O, mass fraction
of the HTP propellant, most likely as a consequence of the acceler-
ation of the chemical kinetics at the higher temperatures developed in
the catalytic bed.
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Fig. 8 Advancement parameter A, pressure drop A, and exit temper-
ature T4 as functions of the H, 0, mass fraction Y for the following bed
operating conditions and configuration: G =19.02 kg/m?s, p.=
17.65 bar,m =4.84 g/s, Y = 0.857, D, = 0.6 mm, and L = 60 mm.
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Fig. 10 Chamber temperature T, as a function of the chamber pressure
P., experimentally measured during a monopropellant firing and
predicted by the model.

The prediction capabilities of the model have been tested by
plotting the temperature 7.,y as a function of the corresponding
pressure p.,q at the exit of the catalytic bed. In Fig. 10 the model
results have been compared with the quasi-steady measurements of
the downstream chamber temperature 7, and pressure p, obtained
during the evolution of the monopropellant thruster firing used for
matching the free parameters of the model. The initial part of the
curve, characterized by a moderately increasing temperature and a
relatively large pressure rise, corresponds to the evaporation of the
liquid at increasing temperatures during the initial pressurization
of the thruster. The second part of the curve, up to T = 450°C,
corresponds to the very rapid transient of the gas mixture temperature
soon after the conclusion of the evaporation of the liquid. Finally, the
last portion of the curve corresponds to the relatively slow approach
to the asymptotic operational conditions of the thruster, due to the
thermal contact of the decomposing flow with the walls of the
catalytic bed chamber. Not surprisingly, the largest discrepancies
between the predictions of the present steady model and the
experimental results occur in the central region of the temperature vs
pressure curve, corresponding to the most rapid transient response of
the flow through the catalytic bed. In the other regions of the curve in
Fig. 10, in which the flow evolution is more nearly quasi static, good
agreement is attained, confirming the validity of the proposed model.

IV. Conclusions

The proposed reduced-order model has been developed with the
aim of better understanding the mutual relationships between the
main operational parameters of catalytic pellet reactors for H,O,
decomposition in monopropellant rocket thruster applications, as
well as for deducing quantitative information for design development
orientation. Both of these objectives have been successfully met
because the model clearly highlights the role of the main factors
affecting the catalytic bed performance in these kinds of applications,
and its demonstrated capability of predicting the influence of pellets
size, bed loading, bed length, downstream chamber pressure, and
H, 0, mass concentration in the HTP propellant allows for effectively
guiding the tradeoff of the most important design parameters relevant
to the design development of a given catalyst/support combination
for a specific rocket thruster application.

On the basis of the parametric analyses generated by the proposed
model, the following conclusions can be drawn.

The reduction of the pellets size favors the completion of the
decomposition reaction in two ways: by increasing the active
catalytic surface per unit bed volume and by raising the operational
pressure of the reactor, thus accelerating its catalytic activity. Hence,
small pellets sizes are effective for reducing the bed volume while

still preserving acceptable performance. Additionally, the increase of
the pressure drop through the catalytic bed and the reduction of its
volume by favoring a more rapid initial pressurization of the reactor
also improve the typical raise time of the thrust, a crucial aspect in
space propulsion applications.

The bed length and load (which varies inversely with the bed cross
section) affect the propellant dwell time in the reactor. For a given
value of the dwell time, high aspect ratio beds develop higher flow
losses and have the earlier mentioned advantage of favoring a more
rapid initial pressurization of the reactor, at the cost of some reduction
of the steady-state total pressure for nozzle expansion. However, an
excessive reduction of the bed load, in the attempt to increase the
thrust chamber pressure, reduces the fluid dynamic damping in the
bed, exposing the chamber to the risk of development of self-
sustained flow oscillations. The present steady model is clearly
incapable of predicting unsteady effects in the bed but can provide
useful indications for the choice of the bed pressure drop and cham-
ber pressure levels most suited for steady-state thruster operation.

The pressure of the catalytic bed accelerates the reaction kinetics
and represents, therefore, an effective operational parameter for com-
pleting the decomposition of H,O, in shorter beds. When operating
at constant propellant mass flow rate, the increase of the chamber
pressure reduces both the liquid evaporation phase and the flow
velocity, extending the dwell time and reducing the bed pressure
losses. All of these effects add to the preceding one, making the
chamber pressure level a crucial parameter for improving the per-
formance of HTP monopropellant thrusters.

The predicted irrelevance of mass diffusion effects on the catalytic
reaction represents a very significant indication of the proposed
model. If confirmed, it simply implies that any further improvements
of the decomposition kinetics must rely on more efficient catalyst/
substrate combinations (not a simple task to achieve at their present
state of development).

According to the results of the proposed model, the catalytic bed
for the reference monopropellant thruster application could attain
almost complete H,O, decomposition at design HTP mass flow rate
by the following ways: 1) decreasing the pellets size from 0.6 mm to
0.4 mm, 2) halving the bed load to 10 kg/m? s, 3) increasing the bed
length from 60 to 80 mm, 4) increasing the nominal chamber pressure
up to 23 bar, 5) using HTP with 97% H, 0O, composition by weight, or
by suitable combinations of the above.

Based on the predictions of the proposed model, the authors
became convinced of the need of 1) introducing very significant
reductions of the pellet diameter and bed volume without decreasing
the overall catalytic surface, 2) limiting the excessive increase of the
bed pressure drop and increasing the reaction kinetics by raising the
chamber pressure, 3) selecting the chamber length-to-diameter ratio
to secure sufficiently rapid initial pressurization of the reactor.

It appears, therefore, that the design tradeoff of catalytic pellet
beds for HTP monopropellant thrusters also involves consideration
of the transient operation and response, which are not predicted by
the present model. Therefore, the authors have now undertaken the
development of such an unsteady model, with the specific aim of
generating useful design information on the initial pressurization
transient and on the influence of nonadiabatic effects and bed
preheating on the steady-state and intermittent pulsed operation of
monopropellant thrusters.
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