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Report E91&61- 3 

Analytical Study of Catalytic Reactors 

f o r  Hvdrazine DecomDosition 

Quarterly Progress Report No. 1 

SUMMARY 

The Research Laboratories of United Aircraft  Corporation under Contract NAS 
7-458 with the National Aeronautics and Space Administration are performing an 
analytical  study of catalyt ic  reactors for  hydrazine decomposition. This report 
summarizes work performed during the f i r s t  quarter from April 15, 1966 t o  July 14, 
1966. Work during t h i s  reporting period has included preparation of the equations 
comprising the steady-state microscopic model of a distributed-feed catalyt ic  re- 
action chamber i n  a form amenable t o  numerical solution. 
has been developed t o  solve the implicit integral  equations describing reactant 
concentration and temperature prof i les  in  the porous catalyst  par t ic les .  
cal  methods have been developed far  the simultaneous solution of these equations 
w i t h  the equations describing the variation of reactant concentrations and tempera- 
tu re  with axial  position i n  the i n t e r s t i t i a l  phase. 
these procedures is  being written. 

An i t e r a t ive  procedure 

Numeri- 

A computer program u t i l i z ing  

Reduction of the equations comprising the t ransient  macroscopic m o d e l  t o  a 
form amenable t o  numerical solution has been ini t ia ted.  
f ic ien ts  have been used t o  define the driving forces f o r  heat and mass traasfer 
i n  terms of the temperature and concentration difference between the  in te rs t i t i a l  
phase and the gas phase i n  the in te r ior  of the catalyst  par t ic les .  

Overall transport  coef- 

c % d L -  
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INTRODUCTION 

Effective design of distributed-feed catalyzed monopropellant hydrazine rocket 
engines and gas generators requires accurate procedures for predicting the effects 
of the design parameters of the reactor system on the steady-state and transient 
performance of the system. This general capability does not now exist, although 
simplified gethods have been developed for predicting the steady-state performance 
of idealized catalytic reactors (Ref. 1). 
quately describe the combined processes of heat transfer, diffusion, and chemical 
reaction and are restricted to consideration of a single decomposition reaction at 
any axial location within the reaction chamber. To overcome these deficiencies, a 
more comprehensive theoretical analysis is required. 
United Aircraft Research Laboratories have demonstrated the feasibility of such an 
analysis and, further, have indicated that both transient and steady-state per- 
formance characteristics can be predicted. 

These simplified methods do not ade- 

Preliminary investigations at 

The objectives of this program are therefore (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 
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. 

2 
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D E  CUSS I O N  

The analysis of a hydrazine engine reaction system pertains t o  a reaction 
chamber of arbi t rary cross section packed w i t h  Shell 405 catalyst  par t ic les  (Refs. 
2, 3,  4 and 5 )  into which l iquid hydrazine i s  injected a t  a rb i t r a r i l y  selected 
axial  locations. 
the cross section of the  chamber. Catalyst par t ic les  are represented as "equiva- 
lent"  spheres with a diameter taken as a function of the par t ic le  s i z e  and shape. 
Both thermal and catalyt ic  vapor phase decomposition of hydrazine and ammonia are 
considered i n  developing equations describing the concentration dis t r ibut ions of 
these reactants. Since the catalyst  material is impregnated on the in t e r io r  and 
exter ior  surfaces of porous par t ic les ,  t h e  diffusion of reactants into the porous 
structure must also be considered. I n  addition, the conduction of heat within 
the porous par t ic les  must be taken in to  account since the decomposition reactions 
are accompanied by the evolution or  absorption 

A t  these locations, hydrazine injection is  taken as uniform across 

of heat. 

A treatment of the transport processes described above consti tutes a general 
model of the reaction chamber. The analysis of the steady-state performance of a 
reactor based on t h i s  model can be carried out i n  a straight-forward manner. How- 
ever, the analysis of the t ransient  behavior of the system using t h i s  general 
model is  quite complicated since both the reactant concentrations and the rate 
constants f o r  decomposition, which are exponentially dependent on temperature, w i l l  
be functions not only of t i m e ,  but a lso of position within the catalyst  par t ic les .  

To circumvent these complications, t he  t ransient  behavior of the system can be 
analyzed by employing a second moael which considers the  resistance of a catalyst  
par t ic le  t o  heat and m a s s  t ransfer  t o  be concentrated i n  a th in  f i l m  around the 
par t ic le  surface. In  t h i s  "macroscopic" model, overall transport coefficients are 
used t o  define the driving forces f o r  heat and mass t ransfer  i n  terms of the t e m p e r -  
ature and concentration differences between the free-gas 'phase and the gas phase 
i n  the in te r ior  of the catalyst  pasticles. I n  order t o  define the transport  coeffi- 
cients used i n  t h i s  model i n  terms of the real system parameters, the t ransient  
solutions can be obtained as functions of the  transport  coefficients and then ex- 
trapolated t o  in f in i t e  t i m e  t o  g e t  the  s t e w - s t a t e  solutions i n  terms of these 
"macroscopic" parameters; these solutions can then be compared with the solutions 
obtained using the steady-state "microscopic" model t o  define the overall trans- 
port coefficients i n  terms of t h e  r ea l  system parameters. Using t h i s  method, t he  
concentrations of hydrazine and ammonia can be described as functions of time and 
position i n  the reaction chamber. 

Effort  during the f irst  quarterly reporting period of Contract NAS 7-458 has 
involved, (a )  preparation f o r  numerical solution of  the equations comprising the 
steady-state microscopic model of the reaction system, (b) i n i t i a l  programming of 
these equations for  d ig i t a l  computation, and (c )  i n i t i a l  preparation fo r  numerical 
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solution of the equation comprising the t ransient  macroscopic model of the reaction 
system. This e f fo r t  is  described i n  de ta i l  i n  succeding sections of t h i s  report. 

Steady - St  a t  e Micros c opi c Model 

I n  developing the  steady-state microscopic model, the temperature and reactant 
concentrations i n  the i n t e r s t i t i a l  phase ( i . e . ,  the free-fluid phase as distinguished 
from the gas phase within the porous par t ic les)  are  assumed t o  vary only with axial  
distance along the bed. 
temperature is  low enough t o  permit the existence of l iquid hydrazine, vaporization 
of l iqu id  i s  assumed t o  occur as a r e s u l t  of decomposition of vapor hy&razine witin- 
i n  the pores of t he  catalyst  par t ic les .  
be fast enough t o  keep l iquid hydrazine from wetting the pores of the particles;  
the hydrazine concentration a t  the surface of t h e  catalyst  par t ic les  a t  any axial  
location i n  the entrance region i s  then computed from the vapor pressure of  l iquid 
hydrazine i n  the i n t e r s t i t i a l  phase a t  the same axial location. Neglecting axial  
diffusion of heat or mass, the change i n  enthalpy of the i n t e r s t i t i a l  phase i n  the 
region where l iquid hydrazine is  present ( i . e . ,  where hi < hy) i s  re la ted t o  the con- 
centration gradient a t  the surface of the porous catalyst  par t ic les  by 

I n  the  entrance region of the  reaction chamber, where the  

That is ,  ca ta ly t ic  reaction i s  assumed t o  

N2 H4 

G * + H N 2 H 4 D p A p  (d2x ) + F ( h i - h F )  = 0 
dz S 

for hi I h v  
I 

The variation of mass flow ra te ,  G ,  w i t h  axial  distance i s  easi ly  computed from the 
r a t e  of feed of l iquid hydrazine from the dis t r ibuted injectors  i n to  the system. 
I n  the region where l iquid hydrazine exis ts  a t  temperatures below the vaporization 
temperature, the temperature may be obtained from 

hi  - h, 
Ti = T, + L 

for h i  < hi  

In the two-phase region, where Ti = TVap , the weight-fraction of vapor may be com- 
puted from 

L 
hi  - h i  L v 

W E I G H T  - F R A C T I O N  VAPOR = L for  h i  I hi I h.  I (3)  h y -  hi 

A t  the axial  position a t  which the enthalpy of the i n t e r s t i t i a l  phase i s  jus t  equal 
t o  the enthalpy of vapor hydrazine a t  the boiling point ( h i  = hi" ), the  f ract ion of 
hydrazine injected upstream of that  point which has been decomposed is eas i ly  

4 
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calculated from an overall heat balance. The associated amounts of ammonia, nitro- 
gen, and hydrazine formed from decomposition of hydrazine can then be calculated 
taking the decomposition reaction as 

2 N 2 H q  ---* 2NH, + N 2  + H2 

It should be noted tha t  t h i s  i s  the overall reaction scheme determined experimentally 
fo r  both homogeneous decompostion of  hydrazine (Refs. 6, 7, 8) and low pressure 
heterogeneous decomposition of hydrazine on platinum surf aces (Ref. 9). 

I n  the remainder of the reaction chamber, where hi > hi‘, heat i s  being supplied 
t o  the system by homogeneous as well as heterogeneous decomposition of hydrazine. 
In  addition, a t  suff ic ient ly  high temperature, heat i s  removed from the system by 
the endothermic decomposition of ammonia. 
w i t h  axial distance i s  related t o  the concentration gradients a t  the surface of the 
porous catalyst  par t ic les  by 

For h i  > h y  then, the change i n  enthalpy 

d h i  + “2 ‘4 N2 H4 

‘horn G- 
dz 

“3 

+ Ap[HDp(%)s] 
t F(hi-h,) = 0 

(4) 

The reactant concentration a t  the surface of the catalyst  par t ic les  a t  any axial  
location is  taken equal t o  the reactant concentration i n  the i n t e r s t i t i a l  phase at 
the same axial  location. The change i n  reactant concentrations with axial distance 
i s  re lated t o  the concentration gradients a t  the sur faceof the  porous catalyst  
par t ic les  by 

1 + F  

N H  dG d c i N 2 H 4  N H dT. + G c ~ ~ ~ L  -R [ C i  4Ti  - + G T i -  
P dZ dZ dz ( 5 )  

N2H4 

- r  horn - AP [ D P ( 2 ) s  ] = o  

N2H4 ~ “ 3  

+ Ap[.pe);] ~ ~ 2 ~ 4  - A D A  P [  P c x ) s ]  “3 = O 
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The temperature of the i n t e r s t i t i a l  phase i n  t h i s  region i s  related t o  the 
enthalpy by 

where C f  i s  the specific heat of the gas mixture and i s  a function of temperature 
as well as the concentration of t h e  constituents of the mixture. 

The reactant concentration profile i n  the porous par t ic les  a t  any axial loca- 
t i on  must s a t i s fy  the diffusion equation f o r  mass transport as well as an analogous 
equation f o r  heat conduction. Neglecting the e f fec t  of the t ranslat ional  motion of 
the gas stream on diffusion within the  porous par t ic les  and assuming constant dif-  
fusion coefficients,  Dp , and thermal conductivities, K p  , these equations may be 
writ ten as 

= o  he t D~ v 2  c p  - r 

K~ v2 T~ - ~ r ~ ~ +  = o  

6 
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. Using Eqs. (10) and (ll), Prater (Ref. 10) has pointed out t ha t  temperature and 
concentration are re la ted quite simply by 

The use of t h i s  relationship enables the reaction ra te ,  rhe+ , t o  be writ ten as a 
function of concentration alone instead of concentration and temperature. 
(10) can then be solved f o r  the concentration at  any point i n  the porous par t ic le  
i n  terms of the concentration a t  the surface of the par t ic le ,  (Cd, C i  . The 
solution i s  derived i n  Appendix A as an implicit  integral  equation given by 

Equation 

Simultaneous solution of Eq. (13) with the appropriate equations describing the 
changes i n  enthalpy and reactant concentrations i n  the i n t e r s t i t i a l  phase with axial  
distance w i l l  y ie ld  the steady-state temperature and concentration prof i les  i n  the 
reaction chamber. 

Fini te  difference methods a re  being used t o  program f o r  d ig i t a l  computation the 
ordinary d i f fe ren t ia l  equations describing the changes i n  enthalpy and reactant 
concentrations i n  the i n t e r s t i t i a l  phase. 
equations numerically. 
the d i f fe ren t ia l  equations, i s  an implicit integral  equation which requires an 
i t e r a t ive  procedure for  solution. Hand calculations, us ing  Arrhenius type expres- 
sions f o r  the r a t e  of reaction, rhe+ , have indicated t h a t  convergence t o  a solution 
for  C p  ( X )  i s  d i f f i c u l t  t o  achieve unless the  i n i t i a l  estimate of the concentration 
dis t r ibut ion i s  f a i r l y  accurate. 
estimate and an i t e r a t ive  procedure has been devised which e f fec ts  rapid convergence 
over a f a i r l y  wide range of anticipated conditions. 
grammed f o r  d ig i t a l  computation and i s  presently being debugged. 
w i l l  then be used as a subroutine i n  the main program representing the steady-state 
microscopic m o d e l .  

No i t e r a t ion  i s  necessary t o  solve these 
However, Eq. (l3), which must be solved simultaneously with 

Methods have been developed f o r  generating t h i s  

This procedure has been pro- 
The procedure 

Transient MacroscoDic Model 

In  developing the t ransient  macroscopic model, the ccmcentrations of reactants 
i n  the i n t e r s t i t i a l  phase are  assumed t o  vary only with time and ax ia l  distance 
along the bed. 
phase and the gas phase within the porous par t ic les  i s  expressed i n  terms of an 
overall mass t ransfer  coefficient,  k, , as k, A p  ( c i  - cP) . 
t ransfer  coeff ic ient ,AS,  is  used t o  describe the r a t e  of heat t ransfer  as 

In t h i s  system, the rate of mass t ransfer  between the i n t e r s t i t i a l  

Similarly an overall heat 

7 



& A p  (T i  - Tp). The concentration, C p  , and the temperature, Tp , are taken as uniform 
within the in te r ior  of the porous particles.  These assumptions lead t o  a series of 
f i rs t -order ,  pa r t i a l  d i f fe ren t ia l  equations f o r  the temperature and reactant con- 
centrations i n  the i n t e r s t i t i a l  phase which mst be solved simultaneously with first- 
order, ordinary d i f fe ren t ia l  equations fo r  the temperature and reactant concentra- 
t ions i n  the gas phase within the porous par t ic les .  These equations are currently 
being formulated into a network of f i rs t -order ,  ordinary d i f fe ren t ia l  equations 
which can be solved numerically using a reasonably simple emputational scheme. 

8 
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I .  LIST OF SYMBOLS 

a 

A P  

'i 

C P  

* 
C P  

C f  

DP 

F 

G 

h 

4 
H 

K P  

k s  

M 

P 

'het 

' horn 

R 

T 

U 

Radius of spherical  par t ic le  

Total external surface area of ca ta lys t  pa r t i c l e  per un i t  volume of bed 

Reactant concentrat ion i n  i n t e r s t i t i a l  f l u i d  

Reaxtant concentration i n  gas phase within the  porous paxt ic le  

Equals Cp - C i  

Specific heat of f l u i d  i n  the i n t e r s t i t i a l  phase 

Diffusion coefficient o f  reactant gas i n  the  porous pa r t i c l e  

R a t e  of feed of reactant into the system 

Mass flow r a t e  o r  Green's function (defined i n  Appendix I) 

Enthalpy 

Overall heat t ransfer  coefficient 

Heat of reaction (negative for exothermic reaction) 

Thermal conductivity of reactant gas i n  the  porous pa r t i c l e  

Overall mass t ransfer  coefficient 

Molecular weight 

Chamber pressure 

Rate of (heterogeneous) chemical reaction on the  ca ta lys t  surfaces 

Rate of (homogeneous) chemical reaction i n  the i n t e r s t i t i a l  phase 

Gas constant 

Temperature 

Mathematical mnction (defined i n  Appendix I)  
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LIST OF SYMBOLS (cont 'a) 

V 

X Radial distance from t h e  center of the spherical. pa r t i c l e  

Z Axial distance 

Y 

4 

Mathematical f'unction (defined i n  Appendix I) 

Fractional void volume of bed 

Mathematical function (defined i n  Appendix I )  

Sub sc r ip t s  

F Refers t o  feed 

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

P Refers t o  gas within the porous par t ic le  

S Refers t o  pa r t i c l e  surface 

Superscripts 

L Refers t o  l iqu id  at vaporization temperature 

v Refers t o  vapor at  vaporization temperature 

11 
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A P P r n I X  I 

DERIVATION OF I N T E W L  EQUATIONS REPRESENTING THE CONCENTRATION 
PR0FIL;ES OF REACTANTS WITHIN THE CATALYST PARTICLES 

I n  t h i s  s e c t i o n  equat ions are developed t o  desc r ibe  t h e  steady-state concen- 
t r a t i o n  p r o f i l e s  of hydrazine vapor and of ammonia w i t h i n  t h e  c a t a l y s t  p a r t i c l e s .  
The rear tant  concen t r a t ion  p r o f i l e s  i n  t h e  porous p a r t i c l e s  a t  any axial l o c a t i o n  
can be found as s o l u t i o n s  t o :  

If t h e  c a t a l y s t  p a r t i c l e s  are taken t o  be "equivalent"  spheres  of radii a ,  and i f  
concen t r a t ion  Cp* i s  def ined  such that C:= C p -  C i  , Eq. (1-1) can be w r i t t e n  as 

where X i s  t h e  radial d i s t a n c e  from t h e  c e n t e r  of a sphere.  
a s s o c i a t e d  w i t h  Eq. (1-2) are 

The boundary condi t ions  

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

r x2 * 
= + ( x ,  c p )  

dx dx DP 

The s o l u t i o n  t o  Eq. (1-4) is  most e a s i l y  obta ined  by conver t ing  it i n t o  a Fredholm 
i n t e g r a l  equat ion  ( see  R e f .  11) of t h e  form 

12 
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where u (x )  is a s o l u t i o n  of 

d 
dx 

s u b j e c t  t o  the  cond i t ion  that 

dc * ["D - du *1 = c )  

J X . 0  
L dx dx C p  

and v ( X I  i s  a s o l u t i o n  of 

s u b j e c t  t o  t h e  cond i t ion  that 

The Green's func t ion ,  G (x,,!!) is given by 

The func t ion  u ( x )  can be determined by first i n t e g r a t i n g  Eq. (1-6) t o  g e t  

u = - -  + 8 ,  
X 

(1-7) 

(1-9) 

(1-10) 

(1-11) 

Applying Eq. (1-7) t oge the r  w i t h  t h e  f irst  of boundary condi t ions  (1-3) t o  
Eq. (I-ll), it is  found t h a t  A = 0 and 

u = 8 ,  (1-12 1 
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The func t ion  v ( x )  can be determined i n  a similar manner by first i n t e g r a t i n g  
Eq. (1-8) t o  g e t  

and t h e n  apply ing  Eq. (1-9) and t h e  second of boundary condi t ions  (1-3) t o  Eq. 
(1-13) t o  g e t  

Equat ions (I-lo), (I-U), and (1-14) can now be combined t o  ge t  

I n  a d d i t i o n ,  

(1-14) 

(1-16) 

Equations (1-15) and (1-16) can now be s u b s t i t u t e d  i n t o  Eq. (1-5) t o  ge t  

o r  

Equation (1-18) i s  a n  i m p l i c i t  i n t e g r a l  equat ion  which can be solved numerical ly  
t o  determine t h e  concent ra t ion  at any p o i n t  i n  a porous p a r t i c l e  i n  terms of C i  , 
t h e  concent ra t ion  a t  t h e  s u r f a c e  of the p a r t i c l e .  
a t  t h e  p a r t i c l e  su r faces  a t  given axial  l o c a t i o n s ,  can t h e n  be obtained from t h e  
s lopes  of curves  of cP versus x a t  x = a .  

The g rad ien t s  of C p ,  evalua ted  

14 
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