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ABSTRACT 

c 

S 

As part of a continuing effort under Contract NAS 7-458, an analytical 
study of catalyzed hydrazine decomposition reaction chambers was performed to 
assess the effects on the steady-state behavior of the system of nonuniform 
radial injection and of catalyst bed configurations exhibiting 'both radial 
and axial nonunifomnities. Radial variations in mass flow rate or  bed packing 
cause radial temperature and concentration gradients which lead to turbulent 
diffusion of heat and mass in the reactor system. A computer program was 
developed to calculate temperature and reactant concentration distributions 
as functions of axial and radial position in typical hydrazine reaction cham- 
bers. The program is based upon a model of the reactor system which includes 
treatment of the turbulent diffusion of heat and mass in the free-gas phase 
along with heat and mass diffusion within the catalyst particles and between 
the particles and the free-gas phase. Both thermal and catalytic decornposi- 
tion of the reactants are considered. Included in this report are descrip- 
tions of the turbulent diffusion phenomena, the reactor model which treats 
these phenomena and typical results calculated on the basis of this model. 
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FOREWORD 

This work was performed by United Aircraft  Research Laboratories f o r  the 
National Aeronautics and Space Administration under Contract NAS 7-458 
in i t i a t ed  April 15, 1966. 

Included among those who cooperated i n  performance of: the work wider 
Contract BAS 7-458 were Dr. A. S. Kesten, Program Manager, Dr.  W. G. Burwell, 
Chief, Kinetics and Thermal Sciences Section, M r .  D. B. Smith, and W s .  E. Smith 
of U A B .  

This work was conducted under program management of the NASA Chief, Liquid 
Propulsion Experimental Engineering Systems, NASA Headquarters, Washington, 
D. C., and the Technical Manager was M r .  T. W. Price, J e t  Propulsion Labwatory, 
Pasadena, California. 
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SUMMARY 

The Research Laboratories of United Aircraft Corporation under Contract 

This 

Work during this period has 

NAS 7-458 With the National Aeronautics and Space Administration are perfoming 
an analytical study of catalytic reactors for hydrazine decomposition. 
second annual technical report summarizes work performed under this continuing 
contract from April 15, 1967 to April 14, 1968. 
included the development of a computer program representing a two-dimensional 
steady-state model of a distributed-feed catalyzed hydrazine decomposition 
reaction chamber. This program was developed to assess the effects on the 
steady-state behavior of the system of nonuniform radial injection and of cata- 
lyst bed configurations exhibiting both radial and axial nonuniformities. The 
program is based upon a model of the reactor system which includes a treatment 
of the turbulent diffusion of heat and mass in the free-gas phase along with 
heat and mass diffusion within the catalyst particles and between the particles 
and the free-gas phase. Both thermal and catalytic decomposition of the reac- 
tants are considered. Calculations have been made of temperature and reactant 
concentration distributions as functions of axial and radial position in typi- 
cal hydrazine reaction chambers for a number of injection profiles and catalyst 
bed configurations. 

The integral equation method, developed during the first year of contract 
effort to describe the diffusional processes within the pores of the catalyst 
particles, has been modified to include the effects of heat and mass transfer 
from the bulk fluid, through a stagnant film surrounding the catalyst particles, 
and to the outside surface of the particles. An iterative procedure has been 
developed to solve the implicit integral equations describing reactant concen- 
tration and temperature profiles in the porous catalyst particles. A computer 
program representing this iterative procedure has been used as a subroutine in 
the two-dimensional steady-state program. This subroutine has also been used 
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in the one-dimensional program to define more precisely the kinetics of ammonia 
dissociation by comparing temperature and concentration profiles calculated using 
this program with available experimental information. 

Empirical predictions have been developed of one-dimensional steady-state 
temperature and fractional ammonia dissociation profiles in hydrazine reactors 
packed with Shell 405 catalyst particles. 
developed on the basis of many runs made with the steady-state computer program 
developed during the first year of effort on the present contract. 
that fractional ammonia dissociation and bulk fluid temperature are easily pre- 
dicted for a broad range of operating conditions for cases in which most of the 
hydrazine decomposition occurs in the first few tenths of an inch of the reactor; 
this rapid hydrazine decomposition rate is associated with reactors packed with 
particles 25 mesh or smaller for approximately 0.2 inch of reactor bed length. 

The empirical correlations were 

It was found 
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INTRODUCTION 

Under Contract NAS 7-458, the Research Laboratories of United Aircraft 
Corporation are performing analytical studies to characterize the behavior 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 hydrazine 
catalytic reactors in which hydrazine can be injected at arbitrary axial and 
radial locations in the reaction chamber and (b) to perform calculations using 
these computer programs to demonstrate the effects of various system parameters 
on the performance of the reactor. 

Progress previously reported in the first annual report (Ref. 1) has 
included the development of computer programs which describe the steady-state 
and transient behavior of a reactor system in which complete radial mixing in 
the free-gas (or liquid) phase was assumed. These programs had been used to 
calculate temperature and reactant concentration distributions as functions of 
initial bed temperature, feed temperature, chamber pressure, mass flow rate, 
catalyst size distribution, and axial injector locations, 

During the present reporting period attention has been focused on extending 
the steady-state model to include radial as well as axial variations in temper- 
ature and concentrations in order to permit an analysis of various injection 
schemes and catalyst bed configurations which exhibit radial nonunifomnities. 
In addition, a refinement has been made of the method used in the one- and two- 
dimensional steady-state models to describe the effects of diffusional processes 
on reaction rates in porous catalyst particles and sample calculations using 
thismodified film and pore diffusion model have been made. 
second annual reporting period is described in detail in succeeding sections 
of this report. 

Effort during the 

3 



G910461-24 

DISCUSSION 

The analysis of a hydrazine engine reaction system carried out to date 
pertains to a reaction chamber of arbitrary cross section packed with catalyst 
particles into which liquid hydrazine is injected at arbitrarily selected loca- 
tions. Catalyst particles are represented as "equivalent" spheres with a dia- 
meter taken as a function of the particle size and shape. 
catalytic vapor phase decomposition of hydrazine and ammonia are considered in 
developing equations describing the concentration distributions of these reac- 
tants. 
of the catalyst pellets is taken into account. Since the catalyst material is 
impregnated on the interior and exterior surfaces of porous particles, the 
diffusion of reactants into the porous structure must also be considered. In 
addition, the conduction of heat within the porous particles must be taken into 
account since the decomposition reactions are accompanied by the evolution or 
absorption of heat. 

Both thermal and 

Diffusion of reactants from the free-gas phase to the outside surface 

Included in succeeding sections of this report are detailed descriptions 
of (a) the development of an integral equation method describing the effects of 
film and pore diffusion of heat and mass on reaction rates in porous catalyst 
particles, (b) the use of a computer program representing this integral equation 
method as a subroutine in the one-dimensional steady-state model of the reactor 
system to define more precisely the kinetics of ammonia dissociation by comparing 
temperature and concentration profiles calculated using this program with avail- 
able experimental inf omation, (c) the use of the one-dimensional steady-state 
program to develop empirical correlations to predict axial temperature and frac- 
tional ammonia dissociation profiles in hydrazine reactors packed with Shell 
405 catalyst particles , (d) the development of computer program representing 
the two-dimensional steady-state model of the reactor system, and (e) the use 
of the two-dimensional program to calculate the effects on steady-state temper- 
ature and reactant concentration distributions of nonuniform radial injection 
and of catalyst bed configurations exhibiting both radial and axial nonuniformities. 

Integral Analysis of Processes Occurring within Catalyst Particles 

Catalytic reaction of hydrazine on Shell 405 catalyst particles is so fast 
(Ref. 1) that, even at low temperatures, the rate of decomposition of hydrazine 
vapor is controlled by the rate of diffusion of hydrazine from the bulk vapor 
through a stagnant gas film surrounding the catalyst particles to the outside 
surface of the particles. In the case of ammonia, however, film diffusion is 
rapid relative to the rate of dissociation of ammonia within the particles. The 
concentration of ammonia at the surface of the catalyst particles, ( ~ ~ ) ~ ~ 3 , .  
is therefore fairly close to the ammonia concentrations in the bulk vapor phase, 
ci m3. The surface concentration can be calculated, along with the concentration 
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profi le  in  the porous par t ic les ,  a t  any axial location i n  the reaction chamber 
by solving simultaneously the equations representing f i lm and pore diffusion of 
heat and mass. In  describing the diffusion of mass within a porous pel le t ,  it 
i s  assumed tha t  changes i n  the m a s s  density of f l u i d  within the par t ic le  are 
negligible re la t ive  t o  changes i n  concentration of the reacting species. In  
addition, pressure changes within the par t ic le  result ing from nonequimolar d i f -  
fusion are neglected, as i s  heat transported by pore diffusion of mass. Assuming 
constant diffusion coefficients,  Dp, and thermal conductivities, Kp, the equa- 
t ions describing heat and mass t ransfer  within a catalyst  par t ic le  may be written 
as 

= o  NH3 2 NH3 NH3 
het D, D c, - 

2 NH3 NH3 
K p V  Tp - H rhet = O 

The boundary conditions which consider diffusion of heat and mass through a 
f i l m  surrounding a spherical par t ic le  are  

and 

where (kc ci) N2?H4 represents the ra te  of diffusion of hydrazine t o  the par t ic le  
surface. It should be noted here that (c ) '2H4 is  approximately zero, reflec- 
t ing  the f a c t  that the ca ta ly t ic  decomposltlon of hydrazine vapor is quite rapid. P S  

A s  i n  the par t ic le  diffusion model developed i n  R e f .  1 which neglected 
f i l m  diffusion (assuming equal surface and i n t e r s t i t i a l  temperatures and amonia 
concentrations ), the temperature and m o n i a  concentration within a catalyst  
par t ic le  a re  related by (Ref. 2) 
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NH3 NH3 

OP [ (Cp)SNH3 - c;H3] 
K P  

TP - (TP)S = - 

The use of this relationship enables the reaction rate, rhetNH3, to be mitten 
as a function of concentration alone instead of concentration and temperature. 
In this case, however, the reaction rate is a function of two parameters, (Tp)s 
and (c )sNH3, which are yet to be determined. Equation(1)can be solved for the 

netm3, and the interstitial concentration, cim3. The solution is derived in 
Appendix I as an implicit integral equation given by 

concen f ration at any point in the porous particle in terms of the reaction rate, 

In order to determine the particle ammonia concentration profile directly in 
terms of the interstitial temperature and reactant concentrations it is neces- 
sary to solve E ~ S  . (3), Q, 
this have been developed 

In the special case 
fer (i.e., (q), = Ti and 
species, as 

cp(x )  

and (6) simultaneously. 
and programmed for machine computation.* 

Numerical methods to accomplish 

of negligible film resistance to heat and mass trans- - -  
( c ~ ) ~  = ci), Eq. (6) can be mitten, for any reacting 

C i  - [; - 4 J ; 2  y)d E 
0 

X 
It is Eq. (7) which is used to describe the hydrazine concentration profiles 
within the catalyst particles located in the liquid region of the reaction 
chamber. In this liquid region it is assumed that liquid hydrazine wets the 
outside surface of the catalyst particles so that (ep>, ‘zH4 = ~iN2~4, where 

temperature Ti. 
is the vapor concentration in equilibrium with liquid hydrazine at 

*These methods are described in detail in a computer manual describing to 
potential users the operation of the computer programs representing the one- 
and two-dimensional steady-state models of the reactor system. 
is being prepared as part of the third year of effort under the present con- 
tract. 

This manual 
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Sample calculations of ammonia concentration and temperature prof i les  within 
a porous ca ta lys t  par t ic le  have been made with and without hydrazine i n  the in te r -  
s t i t i a l  f lu id .  An i l l u s t r a t i v e  example was considered f o r  the case without hydra- 
zine f o r  which the parameters are 

T i  - - 

- P - 

Mole Fractions 
in 

Bulk Fluid 

The temperature and ammonia concentration 

2024 deg R 

100 psia 

0.19 

0.51 

0.30 

0.35 x 10-'ft2/sec 

1405 Btu/lb 

5.0 f t /sec 

0.29 Btu/ft2-sec-deg R 

0.40 x Btu/ft-sec-deg R 

10-3 f t  

prof i les  within the catalyst  par t ic le  
were calculated by simultaneous solution of Eqs. (3), (4), and (6) using the 
expression f o r  rhet c i ted i n  Ref. 1. These profiles a re  plotted f o r  t h i s  case 
i n  Fig. 1. The f l u x  a t  the par t ic le  surface, Dp(dCp/dx), o r  kc [ c i  - ( c ~ ) ~ ] ,  
is eas i ly  calculated once the concentration prof i le  is  known. For the amonia 
dissociation case discussed above, the mass flux of ammonia into the catalyst  
par t ic le ,  normalized by dividing by (kc ci)m3, is  plotted as a function of 
bulk f lu id  temperature i n  Fig. 2. The reactant concentration prof i le  and then 
the mass flux a t  the par t ic le  surface were obtained f o r  temperatures between 
1700 and 2700 deg R; a l l  other parameters were fixed a t  the same values used 
in  computing the prof i les  shown i n  Fig. 1. The normalizing factor,  (kc c i )  3, 
is the ammonia mass f lux which would be obtained i f  the reaction were controlled 
by the f i lm diffusion of heat and mass. 
fluxes are a l so  plotted i n  Fig. 2 f o r  the case i n  which f i l m  resistance t o  heat 
and mass t ransfer  is negligible (i.e.,  ( c ~ ) ~  = c i  and (T ) = Ti) and f o r  the 
case where f i l m  and pore diffusion are suff ic ient ly  rapid so that the system. 
i s  controlled by the rate of chemical reaction on the ca ta ly t ic  surfaces (i. e., 
c (x) = ci and Tp(X)  = Ti). For the case of negligible film resistance t o  heat 

m 

For comparison purposes, normalized 

P - s  

P 
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and mass transfer, Eq. (7) was used to determine the ammonia concentration dis- 
tribution within the particle and then the flux.at the particle surface. For m the chemical reaction-controlled system, the flux wa.s computed as (a/3)rhet 
As shown in Fig. 2, these two cases represent low-temperature asymptotes for 
the general case where the effects of film and pore diffusion on catalytic 
reaction rates are considered. At high temperature this flux asymptotically 
approaches the flux which would be obtained if the reaction were controlled by 
the film diffusion of heat and mass. 

3(ci,Ti). 

Equations (3), (4), and (6) have also been solved simultaneously for the 
temperature and ammonia concentration profiles in a porous catalyst particle 
for a case in which hydrazine is present in the bulk fluid and the parameters 
are 

Ti = 2000 deg R 

P = 100 psia 

N2H4 = 0.43 

m3 

= 0.23 H2 

N2 = 0.25 

= 0.11 

= 0.34 x 10m4ft2/sec 
i Mole Fractions 

in 
Bulk Fluid 

Dpm3 

= 1404 Btu/lb 

$2H4 = -1928 BtU/lb 

kcm3 = 4.4 ft/sec 

kc%?H4 = 3.0 ft/sec 

= 0.29 Btu/ft2-sec-deg R 4 
= 0.40 x Btu/ft-sec-deg R KP . 

a = 10-3 ft 

Both the temperature and the ammonia concentration distributions are plotted 
for this case in Fig. 3. 
bulk fluid temperatures between 1700 and 2700 deg R; all other parameters were 
fixed at the same values used in computing the profiles shown in Fig. 3. 

Similar concentration profiles were calculated for. 

The 
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flux of ammonia at the particle surface was then calculated, normalized by 
dividing by (k, ci) 3,  and plotted as a function of bulk fluid temperature in 
Fig. 4. 
the values which would be obtained if the reaction were controlled by the film 
diffusion of heat and mass. At low temperature, in this case, film resistance 
to heat transfer remains important because of the heat generated at the particle 
surface by the decomposition of hydrazine. 

Use of Integral Analysis in One-Dimensional Steads-State Model 

NH 
Here again, at high temperature, the flux asymptotically approaches 

A computer program representing the integral analysis was used as a sub- 
routine in the one-dimensional steady-state program to define more precisely 
the kinetics of ammonia dissociation by comparing temperature and concentration 
profiles calculated using this program with available experimental information. 
The rate of catalytic dissociation of ammonia can be expressed as (Ref. 1) 

N H 3  NH3 CpNH3 e - 50,0001 Tp 

(cpH*) rhet E a Ib 1 ft 3- sec 

where the concentrations are expressed in lb/ft 3 and Tp is in deg R. A value 
of 0.3 x lox1 for am3 was obtained in Ref. 1 by comparing experimental data 
with calculated steady-state temperature and concentration profiles. However, 
in the model used to calculate these profiles it was assumed that the temper- 
ature at the surface of the catalyst pellet is equal to the interstitial (bulk 
fluid) temperature at the same axial location. Using the more sophisticated 
integral method described above, the same cases were rerun with the one- 
dimensional steady-state program. 
steady-state behavior of the reactor most significantly in regions of the 
reactor system where the bulk vapor temperature is low and the heat generated 
at the catalyst particle surfaces by the decomposition of hydrazine results 
in large differences between the bulk vapor temperature and the particle sur- 
face temperature. High temperatures at the particle surface result in rapid 
ammonia decomposition which leads to low peak temperatures in the bulk vapor 
phase. Apart f rom lowering the predicted peak temperatures and ammonia con- 
centrations, the use of the modified film and pore diffusion model did not 
result in any appreciable difference between the recalculated temperature and 
mole-fraction profiles and those presented in Ref. 1. The value of a m  which 
yielded closest agreement with experimental data was 1 x 1011(lb,rt3~1~~(sec)-1. 
The results of calculations using this value are shown in Figs. 5 through 14.* 
For each of these cases the catalyst bed packing was taken to consist of 25-30 
mesh catalyst particles for the first 0.2 in. and 1/8 x 1/8 in. cylindrical 

*!The sensitivity of these results to changes in am3 is very similar to the ' 

The use of this method changes the predicted 

sensitivity to this rate constant of the results reported in Ref. 1. 



pel le t s  f o r  the remainder of the bed. This configuration i s  referred t o  i n  
the figures as the "standard bed configuration." 
di t ions of chamber pressure and m a s s  flow ra t e  were varied, as was the feed 
temperature, w, although, i n  each of these cases, Q was between approx- 
imately 510 and 530 deg R. 

The reactor operating con- 

Temperature dis t r ibut ions a re  plotted i n  Fig. 5 f o r  a case i n  which the 
2 reactor operating conditions were taken as G = 3.12 l b / f t  -sec and 

P = 479.5 psia. Also shown i n  Fig. 5 a re  temperature measurements obtained 
by Rocket' Research Corporation (Ref. 3 )  during the course of engine f i r i ngs  
under the same operating conditions. The calculated mole-fraction prof i les  
f o r  th i s  case, together with experimental values of mole fractions,  are  shown 
i n  Fig. 6. The resu l t s  of similar calculations made f o r  G = 2.43 lb/ft*-sec 
and P = 1042 psia a re  shown i n  Figs. 7 and 8; those made f o r  G = 6.29 lb/ft2-sec 

2 and P = 974 psia a re  shown in  Figs. 9 and 10; those made f o r  G = 1.52 l b / f t  -sec 
and P = 217.9 psia are  shown i n  Figs. 11 and 12, and those made f o r  G = 1 - 5 1  
lb/ft2-sec and P = 111.4 psia a re  shown i n  Figs. 13 and 14. 

A s  noted i n  Ref. 1, the heat t ransfer  coefficients used i n  t h i s  model 
were estimated using correlations developed f o r  nonreacting systems. 
where s ignif icant  chemical reaction takes place, such as the zones in  which 
both hydrazine and ammonia are  decomposing, actual  heat t ransfer  ra tes  are  con- 
siderably higher than those calculated i n  t h i s  model. 
t h i s  increase i n  ra te  would lead t o  a value of aNH3 somewhat l e s s  than 1 x lo1'. 

In regions 

Precise accounting of 

The ef fec ts  of various reactor operating conditions on steady-state tem- 
perature prof i les  a re  i l l u s t r a t ed  more specif ical ly  i n  Figs. 15  through 18. 
A reference case was chosen i n  which the operating conditions were G = 3.0 
l b / f t  -see, P = 100 psia, and TF = 530 R, and the catalyst  bed configuration 
was the "standard bed configuration." Chamber pressure, mass flow rate ,  
catalyst  bed configuration and axial inject ion prof i le  were then varied i n  
turn and the resul t ing temperature dis t r ibut ions were plotted. In  Fig. 15 
temperature dis t r ibut ions are  plotted f o r  chamber pressures of 100, 500 and 
1000 psia w i t h  a l l  other conditions taken as those of the reference case. 
Increasing pressure causes the peak temperature t o  r i s e  and s h i f t  s l i gh t ly  
toward the i n l e t  of the reactor. This is  due t o  the inhibit ing action of 
hydrogen on the r a t e  of ammonia dissociation. 
in  Fig. 16 f o r  mass flow rates of 1.5, 3.0 and 6.0 l b / f t  -sec. 
flow ra te  causes the peak temperature t o  r i s e  and s h i f t  s l i gh t ly  away from the 
reactor i n l e t .  
temperature dis t r ibut ion is  show i n  Fig. 17. 
f o r  beds packed with a l l  25-30 mesh par t ic les ,  a l l  1/8 in .  x 1/8 in .  cylin- 
d r i ca l  pel le ts ,  and the standard nonuniform par t ic le  s i ze  dis t r ibut ion.  It 
is apparent t ha t  the la rger  par t ic les  slow down the ra tes  of the ca ta ly t ic  . 

decomposition reactions. The e f fec ts  of dis t r ibuted injectors  on temperature 
prof i les  a re  i l l u s t r a t ed  i n  Fig.  18. Temperature dis t r ibut ions are  plotted 

2 

Temperature prof i les  a re  shown 
2 Increasing 

The ef fec t  of changing the catalyst  bed configuration on the 
Temperature prof i les  a re  plotted 
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for the  reference case, f o r  the case i n  which 2/3 of the  hydrazine is injected 
a t  the i n l e t  and the  remaining l/3 is injected uniformly over the f irst  1/2 in. 
of the  reactor,  and f o r  t he  case i n  which l /3  of the hydrazine is  injected a t  
the i n l e t  and the remaining 2/3 is injected uniformly over the first 1/2 in .  
of the  reactor.  I n  these cases the  bed was taken t o  be packed with a l l  25-30 
mesh par t ic les .  

w One-Dimensional Steady-State Program 

A se r i e s  of runs was made with the  one-dimensional steady-state computer 
program i n  order t o  develop empirical correlations t o  predict  axial temperature 
and f r ac t iona l  ammonia dissociat ion prof i les  i n  hydrazine reactors packed with 
Shel l  405 ca ta lys t  par t ic les .  
bas i s  of about 65 runs representing d i f fe ren t  combinations of mass flow rates, 
pressures and ca ta lys t  bed configurations. 
dissociation and bulk f lu id  temperature could be predicted using the equations 

Empirical correlations were developed on the 

It was found t h a t  f r ac t iona l  ammonia 

and 

where 

I - Fractional Ammonia Dissociation = @ (9 1 

T, = I O 2 0  + 0.075 ( P / i O O O ) ] }  + 1535 { [  

= (066) ( G / z ) O  28 {[(0 5 5 0 ' ' ~  - 0 17) (1000/P)022]  + 0 17) (11) 

and z and a are expressed i n  f t ,  G i n  lb/ft2-sec, P i n  psia, and Ti i n  deg R. 
Here, as i n  Ref. 1, f rac t iona l  ammonia dissociat ion is  determined on the bas i s  
that, w i t h  no ammonia dissociation, one mole each of hydrogen and nitrogen are 
formed f o r  everytwo moles of hydrazine decomposed. Results obtained using these 
equations are i l l u s t r a t e d  i n  Figs. 19 and 20, respectively, f o r  cases i n  which 
most of the hydrazine decomposition occurs i n  the first f e w  tenths of an inch 
of the reactor; t h i s  rapid hydrazine decomposition rate is associated with 
reactors packed with par t ic les  25 mesh or smaller f o r  approximately 0.2 in .  
of bed length. For these cases the correlations depicted i n  Figs. 19 and 20 
work well f o r  axial distances greater  than one inch and for values of pressure, 
P, between 10 and 1000 psia, mass flow rate ,  G, between 1.44 and 14.4 lb/ft2-sec 
(0.01 and 0.1 lb/in.2-sec, respectively) and equivalent spherical  radius, a ,  

t i c l e s  f o r  the  f irst  f e w  tenths of an inch and la rger  par t ic les  thereaf ter ,  
the  par t ic le  radius, a, re fers  t o  the la rger  par t ic les .  

,between 0.001 and 0.01 f t .  For a reactor packed with s m a l l  ( I 25 mesh) par-. 



In Figs, 19 and 20, Rocket Research experimental data (Ref. 3) are plotted 
along with the empirical predictions and the results of sample cases run using 
the one-dimensional steady-state program. 
sociation obtained from the steady-state program are plotted for axial locations 
between 1 and 6 inches while values of bulk fluid temperature obtained from the 
program are plotted only for axial locations between 3 and 6 inches. 
lated values of temperature for axial locations between 1 and 3 inches scatter 
slightly about the predicted line in Fig. 20 in the same manner as the corres- 
ponding values of fractional amonia dissociation scatter about the predicted 
line in Fig. 19. 

Values of fractional ammonia ais- 

Calcu- 

It should be emphasized that these empirical correlations do not correctly 
predict the behavior of reactors in which hydrazine decomposition is slow, for 
example, reactors which are uniformly packed with large catalyst particles, such 
as 1/8 in. x 1/8 in. cylinders. The correlations work quite well though for 
catalyst bed configurations consisting of 25-30 mesh particles for the first 
0.2 in. and 1/8 in. x 1/8 in. cylindrical pellets for the remainder of the bed. 

Two-Dimensional Steady-State Model 

In developing the two-dimensional model of a hydrazine reactor system the 
temperature and reactant concentrations in the bulk fluid phase are permitted 
to vary with radial and axial 'position in the reaction chamber, 
region of the reactor, where the temperature is low enough to permit the exis- 
tence of liquid hydrazine, radial mixing between adjacent layers of liquid is 
neglected. The equations representing the change in liquid enthalpy and tem- 
perature with axial distance at any radial position are the same as those devel- 
oped for the one-dimensional model described in Ref, 1. 
model, catalytic reaction is assumed to be fast enough to keep liquid hydrazine 
from wetting the pores of the particles; the hydrazine concentration at the sur- 
face of the catalyst particles at any location in the entrance region is then 
computed from the vapor pressure of liquid hydrazine in the interstitial phase 
at the sane location, 

In the entrance 

As in the one-dimensional 

In the vapor regions of the reaction chamber, turbulent diffusion of heat 
and mass is considered as a mechanism for radialmixing. Radial heat and mass 
fluxes are computed as functions of temperature and reactant concentration gra- 
dients. Heat is being supplied to the system by homogeneous as well as hetero- 
geneous decomposition of hydrazine, and is being removed from the system by the 
catalytic decomposition of ammonia. The change in enthalpy with axial distance 
at any radial location is related to the reactant concentrations in the inter- 
stitial phase and at the surface of the porous catalyst particles by 

12 



G910461-24 

The changes i n  reactant weight fractions in  the i n t e r s t i t i a l  phase w i t h  axial 
distance a t  any radial  location a re  related t o  the reactant concentrations i n  
the i n t e r s t i t i a l  phase and a t  the surface of the porous catalyst  par t ic les  by 

- 8 - -  N,NH3 8 - F (.$)NH3 } 
a r  r 

N2H4 M~~ AP N H  MN2 
.- E - -I- - ( k c C i  1 4- 'horn ~ ~ 2 ~ 4  2 M N2H4 G 

a W i N 2  

a z  

*Equations of th i s  type are  presented i n  somewhat different  form i n  Ref. 4. . 

The last t e r n  on the right-hand s i d e  of the equation re f lec ts  the heat 
transferred by the rad ia l  diffusion of mass. 
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where 

J 
Nr = - E  (dciJ/dr), 

-0.667 -0.41 
k,J r?] [ P i ~ i J ]  2- [e] 

The eddy conductivity and diffusivity may be estimated from (Ref. 5) 

a q G  A = -  
58 

and 

The changes in reactant concentrations with axial distance are then given by 

where 

14 
ci 



G910461-24 

and the pressure drop may be estimated from the Ergun equation (Ref. 4) as 

- dP = - ($) (1.75 + 
dz .. 

The mass flow rate, G, is computed as a function of the rate of feed of liquid 
hydrazine from the distributed injectors into the system. Radial pressure 
gradients, caused by particle-fluid viscous interaction, are neglected. Such 
pressure gradients would lead to recirculating flow patterns in the reaction 
chamber. This bulk radial flow is neglected in this analysis. It is assumed, 
therefore, that downstream of the injectors the mass flow rate profile remains 
unchanged. 

The equations representing the two-dimensional model have been programmed 
for digital computation. 
of the operating characteristics of the program is currently being prepared as 
part of the third year of effort under the present contract. 

A computer manual containing a detailed description 

Results of Calculations Using the Two-Dimensional Steady-State Program 

A series of calculations was made using the two-dimensional steady-state 
computer program in order to examine the effectiveness of the two-dimensional 
model and to evaluate the effects on system performance of nonuniform radial 
injection and of catalyst bed configurations exhibiting both radial and axial 
nonuniformities. 
refer to a reactor 3 in. in diameter into which liquid hydrazine is inJected 
at a temperature of 530 deg R. 

The calculated results illustrated in Figs. 21 through 54 

Axial temperature profiles at various radial locations are plotted in 
Fig. 21 for a case in which a radial nonuniformity in mass flow rate, G, is 
represented as a step function (see Fig. 21). In this case the upstream 
chamber pressure was taken as 100 psia and the catalyst bed packing was taken 
to consist of 25-30 mesh catalyst particles for the first 0.2 in. and 1/8 x 
1/8 in. cylindrical pellets for the remainder of the bed. This configuration 
is referred to in the figures as the "standard bed configuration". Turbulent 
diffusion of heat, which tends to reduce radial temperature gradients, is more 
pronounced in the downstream end of the reactor. Here the catalyst particle 
size is larger, and both eddy conductivity and eddy diffusivity are directly 
proportional to particle size. The consequences of radial heat conduction 
are complicated somewhat by the simultaneous turbulent diffusion of mass. 
Higher temperatures are associated with more hydrazine dec.omposition; thus 
high temperature regions may lose heat by radial conduction, but may gain . 
hydrazine from adjoining low temperature regions by radial diffusion of mass. 
Subsequent decomposition of this hydrazine may lead to even higher temper- 



atures .  
hydrazine may ex i s t  a t  higher concentration than in adjacent low temperature 
regions. 
temperature regions would decompose and lower the temperature. 
diffusion, however, the concentration of ammonia available f o r  decomgosition 
may be lowered considerably. 
effects  lead t o  the temperature dis t r ibut ion shown i n  Fig. 21*. For comparison 
purposes, the ax ia l  temperature prof i le  corresponding t o  a radial ly  uniform 
mass flow ra te  of 3.0 l b / f t  -sec is  a l so  plotted in  Fig. 21. This is the aver- 
age mass.flow ra te  calculated by  averaging the actual  mass flow ra t e  prof i le  
over the cross-sectional area of the reac tor .  The mole-fraction dis t r ibut ions 
of hydrazine and ammonia associated w i t h  the temperature dis t r ibut ion shown i n  
Fig. 21 a re  i l l u s t r a t ed  i n  Figs. 22 and 23 respectively. 

In  these sarhe regions the ammonia produced by the decomposition of 

In  the absence of radial diffusion the ammonia i n  these high- 
With radial 

For the case considered here, these combined 

2 

The resu l t s  of similar calculations made f o r  two different  upstream chamber 
pressures a re  shown i n  Figs. 24 through 29. The calculated temperature, mole 
fract ion of hydrazine, and mole fract ion of! ammonia dis t r ibut ions a re  plotted 
i n  Figs. 24 through 26 respectively f o r  a pressure of 200 psia and the same 
mass flow ra t e  prof i le  and bed configuration used in  the calculations presented 
i n  Figs. 21 through 23. 
sure of 1000 psia;  the resu l t s  are shown i n  Figs. 27 through 29. 

These calculations were repeated f o r  a chamber pres- 

Retaining the catalyst  bed configuration and s t e p  function inject ion pro- 
f i l e  discussed above, and taking the upstream chamber pressure as 200 psia, 
similar calculations were made f o r  two other average mass flow rates .  
calculated temperature, mole fract ion of hydrazine, and mole fract ion of ammo- 
n ia  prof i les  a re  plotted i n  Figs. 30 through 32 respectively f o r  an average 
mass flow ra te  of 1.0 l b / f t  -sec and i n  Figs. 33 through 35 respectively f o r  

2 an average mass flow rate of 6.0 l b / f t  -sec. 

The 

2 

The resu l t s  of calculations made f o r  two other injection prof i les  a re  
shown i n  Figs. 36 through 41. 
bed configuration," an upstream chamber pressure of 100 psia, and an average 
mass flow ra t e  of 3.0 lb / f t  -see. The temperature and mole-fraction d i s t r i -  
butions associated with the injection prof i le  i l l u s t r a t ed  i n  Fig. 36 are  
plotted i n  Figs. 36 through 38 and those associated with the continuously 
varying injection prof i le  i l l u s t r a t ed  i n  Fig. 39 are  shown i n  Figs. 39 through 
41. 

These calculations were made f o r  the "standard 

2 

*The ef fec ts  of radial diffusion caa be more clear ly  i l l u s t r a t ed  w i t h  cross- 
plots  showing rad ia l  temperature prof i les  a t  various axial locations i n  the 
reactor.  While radial prof i les  were not plotted f o r  t h i s  case, they were . 
plotted f o r  another case discussed l a t e r  i n  this  section. 

16 



The ef fec ts  on temperature and reactant concentration dis t r ibut ions of 
two ca ta lys t  bed configurations exhibiting both radial and axial nonuniformities 
are i l l u s t r a t ed  i n  Figs.  42 through 47. 
mass flow ra t e  was taken as uniform a t  3.0 lb/ft*-sec and the upstream chamber 
pressure was taken as 100 psia.  
hydrazine, and mole f rac t ion  of ammonia dis t r ibut ions corresponding t o  the bed 
configuration shown i n  Fig. 42 a re  plotted i n  Figs. 42 through 44 respectively. 
S imi la r  calculations corresponding t o  the bed configuration shown i n  Fig. 45 
are  plotted i n  Figs. 45 through 47. 

For both of these configurations the 

The calculated temperature, mole f rac t ion  of 

/ The ef fec ts  of the simultaneous turbulent diffusion of heat and mass on 
temperature and reactant concentration profiles are  more clear ly  indicated f o r  
a case i n  which hydrazine injection is  uniform across the i n l e t  face of the 
reactor but additional hydrazine is  introduced into the reactor through injec- 
to rs  imbedded i n  the catalyst  bed. Calculations were made f o r  an injection 
prof i le  of this  type, i l l u s t r a t ed  i n  Fig. 48, where the chamber pressure was 
taken as 100 psia  and the bed configuration as "standard". In  t h i s  case the 
buried injectors  were taken t o  d is t r ibu te  hydrazine uniformly f o r  O<r/R 5 0.7 
over the f irst  1/2 in.  of the reactor. The calculated temperatures a re  plotted 
as a function of ax ia l  position a t  various radial positions in  Fig.  48. Hydra- 
zine diffusion from low t o  high temperature regions resu l t s  in  unusually high 
temperatures a t  the interface between the high and low flow ra te  regions. This 
resul ts  in  the formation of a "thermal sheath" which is  more clear ly  i l l u s t r a t ed  
i n  Fig. 49 which is a cross-plot of the resu l t s  presented i n  Fig. 48. 
temperature is plotted as a function of rad ia l  position a t  various axial loca- 
t ions in  the reactor. For comparison purposes, the radial temperature prof i le  
a t  the e x i t  of a 3 in .  bed w i t h  a s tep  function ( a l l  i n l e t )  injection prof i le  
i s  a l so  plotted i n  Fig. 49. 
butions associated w i t h  the temperature prof i les  shown i n  Figs. 48 and 49 are  
plotted in  Figs. 50 and 51 respectively. 

Here 

The mole f rac t ion  of hydrazine and ammonia' distri- 

The ef fec ts  of various reactor operating conditions on radial temperature 
prof i les  a t  the e x i t  of a 3 in .  bed a re  i l l u s t r a t ed  i n  Figs. 52 through 54 f o r  
the standard bed configuration and f o r  hydrazine injection a t  the reactor i n l e t  
only. The e f f ec t  of upstream chamber pressure on e x i t  radial temperature pro- 
f i l e  is  shown i n  Fig. 52 f o r  a s t ep  function injection prof i le  w i t h  an average 
mass flow ra te  of 3.0 l b / f t  -see. Very l i t t l e  e f fec t  is noted over a ten-fold 
pressure range. A marked ef fec t  of average m a s s  flow ra te  on radial temper- 
a ture  prof i le  is  shown i n  Fig. 53 f o r  the same s tep  function injection prof i le  
and an upstream chamber pressure of 200 psia. The e f fec t  of i n l e t  injection 
prof i le  on radial temperature dis t r ibut ion is  i l l u s t r a t ed  in  Fig.. 54 f o r  an 
average mass flow ra t e  of 3.0 lb/ft2-sec and an upstream chamber pressure of 
100 psia. 

2 
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It should be noted here that the injection profiles and catalyst bed 
configurations discussed in this section were chosen simply to illustrate the 
two-dimensional effects which can occur in the hydrazine reactor. No attempt 
wa,s made to perform an exhaustive study of the effects of radial variations 
in reactor operating and design parameters on the steady-state behavior of the 
reactor system. 
system, based on parameters averaged over the reactor cross-section, is not 
adequate to describe the behavior of a reactor which exhibits significant 
radial variations in injection profile or bed configuration. 
it is necessary to use the two-dimensional model to effectively predict, for 
example, the locations of very high temperature regions such as "thermal 
sheaths " . 

It is apparent, however, that a one-dimensional model of the 

For these systems, 

18 
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. LIST OF SYMBOLS 

Radius of spherical  par t ic le ,  f t  

Total external surface of catalyst  par t ic le  per unit volume of bed, ft ' l  

Reactant 

'Reactant 

Equals 

Specific 

concentration i n  i n t e r s t i t i a l  f lu id ,  lb / f t3  

concentration i n  gas phase within the porous par t ic le ,  l b / f t3  

CP - (CP)S 9 lb/f t 3  

heat of f l u i d  i n  the i n t e r s t i t i a l  phase, Btu/lb - deg R 

Average specif ic  heat of f l u i d  i n  the i n t e r s t i t i a l  phase, Btu/lb - deg R 

Specific heat of ca ta lys t  par t ic le ,  Btu/lb - deg R 

Diffusion coefficient of reactant gas i n  the i n t e r s t i t i a l  f lu id ,  f t2/sec 

Diffusion coefficient of reactant gas i n  the porous par t ic le ,  f t2/sec 

Rate of feed of hydrazine from distributed injectors  in to  the system, 
lb/f t3-sec 

 ass flow rate ,  lb/ft2-sec 

Enthalpy, Btu/lb 

Heat t ransfer  coefficient,  Btu/ft2-seccdeg R 

Heat of reaction (negative f o r  exothermic reaction), Btu/lb 

 ass t ransfer  coefficient,  f t / s ec  

Thermal conductivity of the porous catalyst  par t ic le ,  Btu/ft-sec-deg R 

Molecular weight, lb/lb mole 

Average molecular weight, lb/lb mole 

Radial mass flux, lb/ft2-sec 

Chamber pressure, psia 
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qr Radial heat  flux, Btu/ft2-sec 

r Radial distance, f t  

rhet Rate of (heterogeneous ) chemical reaction on the  ca ta lys t  surfaces, 
lb/f t3-s e c 

Rate of (homogeneous ) chemical reaction i n  the i n t e r s t i t i a l  phase, 
l b / f d - s e c  

rharn 

R Gas constant, equals 10.73 psia  - f t3 / lb  mole - deg R, o r ,  
Radius of reactor  

t 

t *  

T 

W i  

X 

Z 

c 

x 
lu 

Pi 

Ps 

@ 

Time, sec 

Actual time minus t i m e  required, under steady-state conditions, f o r  
l i qu id  hydrazine t o  flow from the reactor i n l e t  t o  the interface between 
the  liquid-vapor and vapor regions, sec 

Temperature, deg R 

Weight f rac t ion  of reactant i n  i n t e r s t i t i a l  phase 

Radia l  distance from the center of the  spherical  ca ta lys t  par t ic le ,  f t  

Axial distance, f t  

Preexponential fac tor  i n  r a t e  equation 

In te rpar t ic le  void f rac t ion  

Eddy d i f fus iv i ty ,  f t2/sec 

Eddy conductivity, Btu/ft-see-deg R 

Viscosity of i n t e r s t i t i a l  f l u id ,  lb / f t  - sec 

Density of i n t e r s t i t i a l  f l u i d ,  l b / f t 3  

Bulk density of ca ta lys t  pa r t i c l e  , lb/f t 3  

Defined by Eq. . (11) 

Subs c r i p ts 

F Refers t o  feed 

I Refers t o  i n t e r s t i t i a l  phase 

21 
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P Refers t o  gas within the porous ca ta lys t  par t ic le  

S Refers t o  surface of ca ta lys t  par t ic le  

Superscripts 

J Refers t o  chemical species 

L Refers t o  l iquid a t  vaporization temperature 

v Refers t o  vapor a t  vaporization temperature 

a 
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APPrnIX I 

DERIVATION OF INTEGRAL EQUATIONS 1IF=pRESENTING THE CONCENTF&TION 

SURROUNDED BY A STAGNANT GAS FILM 
PRJFILF OF A KEACTANT WITHIN A pOR3US CA'IKLYST PARTICLE 

In t h i s  section equations a re  developed t o  describe the steady-state concen- 
t r a t i o n  prof i le  of a reactant within a porous ca ta lys t  par t ic le  which is surrounded 
by a stagnant gas film. 
a t  any location can be found as a solution to :  

!The reactant concentration prof i le  i n  the  porous par t ic fe  

D~ v2 c p  - rhe+(cP)  = o 

If the ca ta lys t  par t ic les  are  taken t o  be "equivalent" spheres of r a d i i  a ,  and if 
concentration C $  is  defined such t h a t  C p  = Cp - C i  

* , Eq. (1-1) can be m i t t e n  as 

D~ [ ( x2 dc,* dx )] - rhet = o  

where x is the  rad ia l  distance from the center of a sphere. The boundary conditions 
associated with Eq. (1-2) are 

d X  

Equation (1-2) can be rearranged t o  ge t  

* 
dx DP 

(1-3) 

(1-4) 

" h e  solution t o  Eq. (1-4) is most ea s i ly  obtained by converting it in to  a Fredholm 
in tegra l  equation (see Ref. 6 )  of the form 

23 
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where U (  X is  a solution of 

subject t o  the  condition t h a t  

* du 

x = o  dx 

and v ( x )  is a solution of 

subject t o  the condition t h a t  

The Green's function, G(X,<)  is  given by 

The function u ( x )  can be determined by first integrating Eq. (1-6) t o  get 

u =  - -  * I  + B,  
X 

Applying Eq. (1-7) together with the f i r s t  of boundary conditions (1-3) t o  
Eq. (I-ll), it is found t h a t  A ,  = 0 and 

(1-7) 

(1-10) 

(1-11) 

(1-12) 
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m e  function v ( x )  can be determined i n  a similar manner by first integrating 
Eq. (1-8) t o  ge t  

and then applying Eq. (1-9) and the  second of boundary conditions (1-3) t o  Eq. 
(1-13) t o  ge t  

Equations (I-lo), (I-12), and (1-14) can now be combined t o  get  
r 

In  addition, 

FOR O S < <  x 

FOR X S t l  a 

ahc- Dp 
A2BI [ a2kc X 

akc-  DP 
A2 [ a2kc 

G(x,<) = 

(1-14) 

(1-16) 

Equations (1-15) and (1-16) can now be substi tuted in to  Eq. (1-5) t o  get  

* 
c p w  = 

+ 
a2 k, 

or 

dE 
(1-18) [t - DP 

c ~ ( x )  = Ci - 

DP 

Equation (1-18) is  an implicit  in tegra l  equation which can be solved numerically 
t o  determine the concentration a t  any point i n  a porous par t ic le  i n  terms of ci , 
the concentration i n  the bulk f lu id .  
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G9 1046 1-24 FIG. 1 
TEMPERATURE AND AMMONIA CONCENTRATION PROFILES WITHIN CATALYST PARTICLE 

NO HYDRAZINE PRESENT IN BULK FLUID 

SEE T E X T  FOR VALUES OF PARAMETERS REQUIRED FOR NUMERICAL SOLUTION 
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6 9  1046 1 -24 FIG. 3 

TEMPERATURE AND AMMONIA CONCENTRATION PROFILES WITHIN CATALYST PARTICLE 

HYDRAZINE PRESENT IN BULK FLUID 

S E E  T E X T  F O R  V A L U E S  OF P A R A M E T E R S  R E Q U I R E D  F O R  N U M E R I C A L  S O L U T I O N  
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P = 100 PSlA 

R =0.125 FT 

STEADY - STATE AXIAL PROFILES OF MOLE - FRACTION 
OF AMMONIA A T  VARIOUS RADIAL POSITIONS 
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G9 1046 1 -24 FIG. 42 
STEADY - STATE AXIAL TEMPERATURE PROFILES A T  VARIOUS RADIAL POSITIONS 

P = 100 PSlA G = 3.0 LB/FT2 - SEC 

CATALYST BED CONFIGURATION : 
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L 

STEADY - STATE AXIAL PROFILES OF MOLE - FRACTION 
OF HYDRAZINE AT VARIOUS I RADIAL POSITIONS 

., 
P = 100 PSlA R = 0.125 F T  G = 3.0 L B / F T ~  - SEC 
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STEADY - STATE AXIAL PROFILES OF MOLE - FRACTION OF 
AMMONIA A T  VARIOUS RADIAL POSITIONS 

P = 100 PSlA 

A L L  25-30 MESH 

GRANULES 
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G9 1046 1 -24 FIG. 45 
STEADY - STATE AXIAL TEMPERATURE PROFILES A T  VARIOUS RADIAL POSITIONS 

2 P = 100 PSlA G = 3.0 LB/FT -SEC 
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STEADY - STATE AXIAL PROFILEB OF MOLE - FRACTION 
OF HYDRAZINE A T  VARIOUS RADIAL POSlTlONS 

P = 100 PSlA 
2 

R = 0.125 F T  G = 3.0 LB/FT - SEC 

CATALYST BED CONFIGURATION: 
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STEADY - STATE AXIAL PROFILES OF MOLE - FRACTION 
OF AMMONIA A T  VARIOUS RADIAL POSITIONS 

FIG. 47 

P= 100 PSlA 
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R = 0.125 FT  G = 3.0 LB/FT - SEC 
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G9 1046 1-24 
STEADY - STATE AXIAL T E ~ P E R A T U R E  PROFILES A T  VARIOUS 

RADIAL POSITIONS FOR BURIED INJECTORS 
FIG. 48 

P = 100 PSlA 

R = 0.125 FT 
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6910641-24 FIG. 49 

STEADY - STATE RADIAL TEMPERATURE PROFILES A T  VARIOUS AXIAL POSITIONS 

P = 100 PSlA R = 0.125 F T  

STANDARD BED CONFIGURATION (SEE TEXT) 
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STEADY - STATE AXIAL PROFILES OF MOLE - FRACTION OF HYDRAZINE AT VARIOUS 
- RADIAL POSITIONS FOR BURIED INJECTORS 

R = 0.125 F T  
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P O 5 r / R 5 0 . 7  0.7 5 r /RS 1.0 STANDARD BED 
CONFIGURAT tON 5 r  - 5 r  

FIG. 51 

STEADY - STATE AXIAL PROFILES OF MOLE - FRACTION OF AMMONIA 
AT VARIOUS RADIAL POSITIONS FOR BURIED INJECTORS 
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R = 0.125 F T  
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EFFECT OF PRESSURE ON STEADY - STATE RADIAL TEMPERATURE 
PROFILE AT EXIT OF 3 INCH BED 
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EFFECT OF MASS LOW RATE ON STEADY - STATE RADIAL TEMPERATURE PROFILE 
AT EXIT OF 3-INCH BED FOR A GIVEN INLET INJECTION PROFILE 

P = 200 PSlA R = 0.125 F T  

STANDARD BED CONFIGURATION (SEE TEXT) 
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G910641-24 FIG. 54 
EFFECT OF INLET INJECTION PROFILE ON STEADY - STATE RADIAL TEMPERATURE 

PROFILE AT EXIT OF 3-INCH BED 
P = 100 PSlA R = 0,125 F T  

STANDARD BED CONFIGURATION (SEE TEXT) 
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