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Report E910461-6

Analytical Study of Catalytic Reactors

for Hydrazine Decomposition

Quarterly Progress Report No. 2

July 15 - October 14, 1966

Contract No. NAS 7-458

SUMMARY

The Research Laboratories of United Aircraft Corporation under Contract NAS T-
458 with the National Aeronautics and Space Administration are performing an analyti-
cal study of catalytic reactors for hydrazine decomposition. This report summarizes
work performed during the second quarter of the contract period from July 15, 1966,
to October 1k, 1966. Work during this reporting period has included the development
and debugging of a computer program representing the steady-state microscopic model
of a distributed-feed catalytic reaction chamber. The computer program provides for
the simultaneous solution of the implicit integral equations describing reactant
concentration and temperature profiles in the porous catalyst particles with the
equations describing the variation of reactant concentrations and temperature with
axial position in the interstitial phase. Several sample computer runs have been
made to illustrate the use of both the program as a whole and the portion of the
program which treats simultaneous heat transfer, diffusion, and chemical reaction in
the porous catalyst particles.

A computer program representing the transient macroscopic model of a distributed-
feed catalytic reaction chamber has also been written and is being debugged. Overall
transport coefficients have been used to define the driving forces for heat and mass
transfer in terms of the temperature and concentration differences between the inter-
stitial phase and the gas phase in the interior of the catalyst particles. The ordi-
nary and partial differential equations for the temperature and reactant concentra-
tion profiles have been formulated into a network of first order, ordinary differen-
tial equations which are solved numerically using & reasonably simple computational
scheme.
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INTRODUCTION

Under Contract NAS 7-458, the Research Laboratories of United Aircraft Corpora-
tion are performing analytical studies of the steady-state and transient performance
characteristics of distributed-feed catalytic reactors for hydrazine decomposition.
The specific objectives of this program are (a) to develop computer programs for
predicting the temperature and concentration distributions in monopropellant hydra-
zine catalytic reactors in which hydrazine can be injected at arbitrary axial loca-
tions in the reaction chamber and (b) to perform talculations using these computer
programs to demonstrate the effects of various system parameters on the performance
of the reactor.

13

Progress previously reported in the first quarterly report (Ref. 1) included
preparation of the equations comprising the steady-state macroscopic model in a form
amenable to numerical solution. An iterative procedure had been developed to solve
the implicit integral equations describing reactant concentration and tempersture
profiles in the porous catalyst particles. Numerical methods had been developed for
the simultaneous solution of these equations with the equations describing the varia-
tion of reactant concentrations and temperature with axial position in the inter-
stitial phase. In addition, work had been initiated to reduce the equations compris~
ing the transient macroscopic model to a form amenable to numericel solution. During
the present reporting period attention has been focused on extending this work to the
development of computer programs representing both the steady-state microscopic model
and the transient macroscopic model.
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DISCUSSION

Effort during the second quarterly reporting period of Contract NAS T7-458 has
involved (a) programming of the equations comprising the steady-state microscopic
model, (b) debugging the steady-state program and running sample calculations to
illustrate the use of both the program as a whole and the portion of the program
which treats simultaneous heat transfer, diffusion, and chemical reaction in the
porous catalyst particles, (c) formulating the equations comprising the transient
macroscopic model into a network of first order, ordinary differential equations
which can be solved numerically using a reasonably simple computational scheme,
(d) programming of the equations comprising the transient model, and (e¢) working
toward the establishment of kinetics information for use in both the steady-state
and transient programs. This effort is described in detail in succeeding sections
of this report.

Steady-State Microscopic Model

In the steady-state microscopic model the simultaneous processes of heat trans-
fer, diffusion, and chemical reaction within the porous catalyst particles are con-
sidered in an implicit integral equation for the reactant concentration at any point
in the particle. This equation is derived in Ref. 1 as

X ¢ | Fhot (C
Colx) = (cp), - [—)'( —Lo}fgz r—“%:—c—P)d& - f [%-3] 52—'-‘535(;3-) dg (1)

The rate of chemical reaction on the catalyst surfaces, qwt(cp), is given, in gen-

el"al, b:y*

i-n
S

Mhet (Ce) = Ko (Colg (o) exp {v80- Cp/(Colg)/ 1+ B (1~ cp/ (Cp)g) 1} ()

where the parameters, ko, n, y, and (3 are defined in the list of symbols. Equations
(1) and (2) are solved in an iterative fashion in a subroutine contained in the main
program representing the steady-state microscopic model. Sample calculations have
been made to illustrate the use of this subroutine for computing concentration pro-
files in the porous catalyst particles, the associated temperature profiles, and the
concentration gradients at the particle surface. The subroutine was run for values
of the reaction rate constant, k,, between 2.0 secL and 2.0 x 106 sec‘l, and for
B=0.1T1, y = 18.3, Dp = 0.84 x 1072 ft/sec®, a = 0.005 ft, n= 1, end (Cp)s = 0-357
lb/ft3. The values chosen for 3, y, Dp, N, and (Cp)g are reasonable for the decom-
position of hydrazine within Shell LOS5 catalyst pellets. The resulting concentration
profiles &re plotted for each reaction rate constant in Fig. 1 and the associated
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temperature profiles are shown in Fig. 2. The concentration gradient at the parti-
cle surface is plotted as a function of the reaction rate constant in Fig. 3.

If the reactant concentration at the surface of the particle, (Cp)g, is equal
to the concentration in the interstitial phase, C,, Egs. (1) and (2) can be solved
simultaneously with the equations shown in Ref. 1 describing the changes in enthalpy
and reactant concentrations in the interstitial phase with axial distance to yield
the steady-state temperature and concentration profiles in the reaction chamber. In
the liquid region of the chamber, for example, it is assumed that liquid hydrazine
wets the outside surface of the catalyst particles so that (Cp)§2H4€= CiN2H4 where
C;N2H4 is the vapor concentration in equilibrium with liquid hydrazine at temperature
T, . In the vapor rcgion of the reactor it can be shown that (CP)SNH3'~ C§H3 at the
temperatures existing in the chamber since the rate of transport of material from
the bulk fluid to the outside surface of the catalyst particles is much greater than
the rate of dissociation of ammonia within the particles. However, in the case of
hydrazine decomposition in the vapor region the rate of catalytic decomposition is
so high that «%QQZH‘ << cith and the reaction rate is governed by the rate of
mass transfer from the bulk vapor to the outside surface of the catalyst particles.
This rate is given approximately by (kCCi)N2H4 where the mass transfer coefficient,
ke, may be estimated from (Ref. 2)

-0667 -0.41

o - O‘Gf:iG (pi#Da > <APG#) | (3)‘

N, H
For hydrazine decomposition in the vapor region, then, the terms [Dp(dbp/o&)s] 2
in the equations in Ref. 1 describing the changes in enthalpy and reactant concen-
trations in the interstitial phase with axial distance are replaced by (kcci)NZH‘.

In the liquid-vapor region the situation is somewhat more complicated since it
is difficult to predict whether liquid or a combination of liquid and vapor wets the
outside surface of the catalyst particles. Both of these options are presently in
the computer program representing the steady-state model. In the case in which both
liquid and vapor are taken to wet the particle surface, it is assumed that, at a
given axial location, the fraction of the surface covered by vapor is equal to the
weight-fraction of vapor present. Decomposition rates, computed assuming pure
liquid surface coverage and then pure vapor coverage, are weighted accordingly.

Sample calculations have been made to illustrate the use of the computer pro-
gram representing the steady-state model for computing the variation of reactant
concentrations and temperatures with axial distance in the interstitial phase. The
calculations apply to a reaction chamber 3 in. long with the first 0.2 in. packed
with 25 to 30 mesh granular catalyst pellets (Ap= 2100 £t2/£t3) and the remainder
packed with 1/8 in. x 1/8 in. cylindrical pellets (Ap = 330 fte/ft3). The inter-
particle void fraction was taken as constant at $.3. The mass flow rate, G, was
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taken as constant at 3.0 1lb/ft®-sec (i.e., F = 0), the pressure, P, was taken as 100
psia, and the feed temperature was taken as 530 deg R. The kinetics assumed in the
calculation were

NoH NoH
r 24 214 x10'0 ¢, 2% o~ 33000/T; LB/FT3- SEC
hom i

N_H H -

het P

NH NH -50,000/T
et = 107 cp Ce ’ LB/FT3 - SEC

where T, and T, arc in deg R. These reaction rates are reasonable for the system
being considered. The resulting axial temperature profiles are plotted in Fig. 4
for both options in the liquid-vapor region. It is apparent that, using the assumed
kinetics information for heterogeneous decomposition of hydrazine, the liquid-vapor
region is so narrow that the choice of either of these options has negligible effect
on the resulting temperature distributions. Axial concentration profiles for hydré-
zine, ammonia, nitrogen, and hydrogen are plotted in Fig. 5 and the fractional
ammonia dissociation is plotted as a function of axial distance in Fig. 6.

Transient Macroscopic Model

In developing the transient macroscopic model, the concentrations of reactants
in the interstitial phase are assumed to vary only with time and axial distance along
the bed. In this system the rates of heat and mass transfer between the interstitial
phase and the gas phase within the porous particles are expressed in terms of overall
transfer coefficients. The reactant concentrations, Cp, and the temperature, Tp, are
taken as uniform within the interior of the porous particles. In addition, it is
assumed that liquid velocities are sufficiently low relative to other rate processes
so that, for all practical purposes, steady-state in the liquid and liquid-vapor
regions is achieved as soon as the liquid reaches a given axial location in the
reactor.

The transient model is-concerned then with the vapor region only, where veloci-
ties are about three orders of magnitude greater than in the liquid region. Here it
is reasonable to assume that gas velocities are so great that the time lag from the
entrance to the vapor region to any position z for the fluid is negligible compared
with other transient effects. With this assumption the rates of change of tempera-
ture and reactant concentrations with axial distance in the interstitial phase are
given by

o, HNzHa Ap

el —G—C:F Mhom® ~ i [/I'S (Ti—Tp)]
(&)
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The equations for the steady-state model analogous to Egs. (4) through (8) are shown
in Ref. 1 as Egs. (4) through (8). The transient and steady-state equations may be
compared in consistent units by dividing the gas constant, R, in Egs. (4) through (8)
of Ref. 1 by the average molecular weight, M. At a given axial location the rates

of change of temperature and reactant concentrations in the catalyst particles with
time are given by

e [(Hr. Yl o (wr

(T, - Tp) (9)
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NoH, N, H.
gt L r NeHa At cNeMa ¢ NoHa
dt ap het apa \' P (10)
NH, NH3 NHg
dep * V[ e M7 wmg|, 3Ks NHy _  NH, 1
. N H r ¢ Cp (11)
df ap het M 2MNa het QP o]
N | N N N
dcp? b NoHy M2 NH, M2 3kg 2 N, N, (12)
r N4 H + r —NH + CI CP
dt ap het 2MmN2te het 2MT3 ap O
H H H H,
&’ . L NoHe M 2 + N3 3m2 + 3kg C-Hz _ ¢ H, .
) r H "het o NH i P (13)
dt a, | M amVete et oms 2,0

Equations (4) through (13) must be solved simultaneously for the variation of tem-
peratures and reactant concentrations with time and axial position in the reactor.
Partial differential Egs. (4) through (8) can be treated as ordinary differential
equations by integrating them at constant time. This can be accomplished, together
with integrating Egqs. (9) through (13) at fixed axial positions, by establishing a
network containing fixed time intervals and intervals of axial distance. Reactant
concentrations and temperatures in the interstitial phase and in the catalyst parti-
cles are then computed at the ith time and )th axial distance from

aT
.(Tp)i'i = (Tp)i_h ot <-Eﬁ?>a-|,; At (1k)

(co 2t (g—cg\.NaH‘_ At (15)
/

R (fﬁﬂi)iq:i At (16)
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| .
()2 = (ce)(2  * <fﬁﬂi> At (17)

i"' i

€l = (Co), (%)Hi ;A (18)
RGN - B (19)
CHARRTINANEY (Z%)N,H az (20)
el e, - (L) e -
CIER IS +<%>, Az (23)

Simultaneous solution of Egs. (L4) through (23) together with Egs. (L) through (13)
will yield the temperature and concentration profiles in the reaction chamber as
functions of time. A computer program representing these equations has been written
and is presently being debugged.
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Kinetics Information

Work is in progress on the establishment of kinetics information for use in both
the steady-state and transient programs. A literature survey has provided sufficient
information for estimating the rate laws governing homogeneous, vapor-phase decomposi-
tion of hydrazine (Refs. 3, 4, and 5) and heterogeneous, vapor-phase decomposition of
ammonia (Refs. 6 and T) on materials resembling the Shell L05 catalyst (e.g., plati-
num). Similar information relating to the catalytic decomposition of hydrazine is
not available. However, a company-funded program is in progress which may provide
limited data on the rates of heterogeneous, vapor-phase decomposition of hydrazine
on platinum-family metals. Small-scale laboratory experiments are being performed
with the objective of providing estimates of the activation energy and the corder of
the catalytic decomposition reaction.
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LIST OF SYMBOLS

Radius of spherical particle

Total external surface of catalyst particle per unit volume of bed
Reactant concentration in interstitial fluid

Reactant concentration in gas phase within the porous particle
Specific heat of tluid in tuhe interstitial phase

Average specific heat of fluid in the interstitial phase
Specific heat of catalyst particle

Diffusion coefficient of reactant gas in the interstitial fluid
Diffusion coefficient of reactant gas in the porous particle
Rate of feed of reactant into the system

Mass flow rate

Enthalpy

Overall heat transfer coefficient

Heat of reaction (negative for exothermic reaction)

Mass transfer coefficient (used in steady-state model)
Reactlon rate constant, equals ae””

Overall mass transfer coefficient (used in transient model)
Thermal conductivity of the porous catalyst particle

Molecular weight

Average molecular weight

Order of decomposition reaction

11
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P Chamber pressure
Q Activation energy
Mhet Rate of (heterogeneous) chemical reaction on the catalyst surfaces
"hom Rate of (homogeneous) chemical reaction in the interstitial phase
R Gas constant
t Time
T Temperature
X Radial distance from the center of the spherical catalyst particle
z Axial distance
a Preexponential factor in rate equation
a. Intraparticle void fraction
8 Equals -(Cp)s H Dp
Ke(Tp)s
y Equals Q/ R(Tp)g
) Interparticle void fraction
I Viscosity of interstitial fluid
Pi Density of interstitial fluid
Ps Bulk density of catalyst particle
Subscripts
F Refers to feed

[ Refers to interstitial phase
P Refers to gas within the porous catalyst particle

S Refers to surface of catalyst particle

12
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Superseripts
L Refers to liquid at vaporization temperature
v Refers to vapor at vaporization temperature

13
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STEADY - STATE AXIAL PROFILE
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FIG. 6

STEADY-STATE AXIAL PROFILE
OF FRACTIONAL AMMONIA DISSOCIATION
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