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MECHANISM OF THE COMBUSTION OF
AMMONIUM AND HYDRAZINIUM* SALTS

{
i
!

G. B. Manelis and V. A. Strunin
(Cherncgolovka)

Sl Syt T, O

Many ammonium and hydrazinium salts (for example, perclilorates, i
nitrates) are capable of self-sustaining combustion. A characteris-
"tic feature of these compounds is the rather high decomposition rate
in the condensed phase and a vaporization capability.

| The kinetics of the reactions are basically explalned by the
following scheme {1, 2]:

= e

the initial stage is the reversible proton transfer

—— e

RH* X === R, <+ HX,.

The dissociat. n products vaporize (endothermal process) or

decompose (exothermal process).

The decomposition rate which limits the process can be

¥Translator's Note. In the original Russian article and in this
translation, hydrazine salts are referenced as hydrazinium salts

because of the pertinency of the hydrazino radical (N2H;).
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functions of, in the general case, the concentration of R
(hydrazine) and the concentration of HX (acid):

wy, = K [R]7 [HX]-. (1)

The solubilities of R and HX in the initial substance are
different, and are determined by the equilibrium constant K1=
=[R]H[HX]H and the equation of the conservation of matter as the
substance dissolves and vaporizes:

(Rl - [RUTL) Vi & [R], Vo= (JHX], + [X-)) Vi — [HX: Vi (2)

where V - volume; subscripts u and r designate the condensed and

gaseous phases.

Ti.e concentrations of the components in the condensed phase
are proportional to the concentrations in the gaseous phase (the
Henry law)

[R], == Ko RT[RL: [HIN].= & « RT[UX], (3)

where Kr and K - solubility constants.

HX
Frcm equation (2) it follows that if [HX]H exceeds [R]H ;

because of the high solubility of this product, in order to conserve

the balance [HX]r should be less than [R]r' Since the amount of

vapor carried away by the end products of the decomposition depends

on their volume and, consequently, on pressure, [R]H, [HX]H, and

the reaction rate will alsc change with pressure.

Let us examine one of the simple cases, when

wm,, = K[HXE. ()
Considering that
ViV o= [m, 5+ my(4 — )] oRT/p; (5)
FTD-HT-23-1381-74 2
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G My (1= 1x,) ;
P-[1+—7;;"*]Pcv - (6)
[RE*), =X~ 1)
from equation (2) we obtain
i . KK VK™ gt p = (! — w5 ] (8)
[BX]; = Iy 2 R e e ] ) \
R L+ Kyxe™ (myp~(mZ" —my")p.)

where n - percentage of thie vaporized substance; mp and m_, - number
of moles formed during the decomposition and vaporization of one

mole of substance; p - density of the condensed phase; p - pressure;

pc=B exp(~L/RT) - saturated vapor pressure.

The combustion rate, under the assumption that the [oremost
process 1s the exothermal decomposition of a substance in the
condensed phase while the gaszous phase processes play secondary

- role, 1s expressed by the following formula for the simplest case

of a zero-order reaction [3, 4, 5] with consideration of (4) and
s
\8):

QR T;': Ky exp(—E/RTy) KiKpx 1+-aKpp
(1 —1}:QE T Rx | TruRgp

(9)

4=

Tn=T0+ ._(_l "':r)_Q__ ___ "’.r?r = Tm___ e (Q + Q) (10)

'
4

where X - thermal conductivity; ¢ - heat capacity; Q - decomposi-~
tion heat; Qc ~- vaporization heat; KO ~ preexponent; E - activation
energy ; Tn - temperature of the combustion surface; TO -~ initial
temperature; Tm - maximum temperature, a=1l/p mp (considering pc<<

<<p}.

The equations of matter (6) and heat (10) balances define the

Tn—p function.
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The pressure coefficient equals (it is assumed here that

Kl, KR’ and KHX depend only slightly on cemperature; Qc=0; mp=mc)
£ P“u A (rm i Tn) £ ] (Tn: Tt 7',,) l. ) L (K!W T KR)p
Yo - wmpo |0 RmiE | M=ekpii+eknes 611D
udp 2RT; RT; A1=akp o)l -+ aKyy p)
The temperature coefficient
P du E Ty— T L oT,
—_ - i 1°f 1 i vl | [HS
? uoT, ('.‘.‘\‘ c'l‘; Ry RT;'; ) o,y ° (12)
where
0y _ (g T TL ]
8T [ : R T;"I l (13)

Comcustion rate vs pressure is determined by two factors:
the increase in the temperature of the combustion surface and the .
change in concentration cf the product, which accelerates the
reaction, with an increase in pressure. 1f the solubilities of

the dissociation products in the condensed phase are the same
(KR=KHX)’ the u-p function is determined only ty the first factor.

If KR>KHX’ it becomes stronger in a certain region of pressures;
| ir KR<KHX’ it becomes weaker and can have the opposite sign
|

(v<0).

Figure 1 shows, in dimensionless form, the combustion rate

vs pressure with different ratios between KR and K calculated

HX?
from the formulas

wl=e—t6n . S - ks g = e g—*/6u
Vo iy ¥ o

en v Tn‘.rm;
a=p/B;
e=E/RT,_, =10;
x=L/RT,=10;

e S




! Figure 1. .Combustion rate vs pressure
in dimencsionless form: 1 - K,./K.=
HX RM

s _u. 74 G o
=10 '; 2 - AHX/KR—l, 3 - KHX/KR—lO .

If products capable of shifting the
equilibrium of the initial reaction of
g7 proton transfer are formed during the

thermal decomposition of a substance,
they can influence the combust .1 rate and 1its pressure relationship
by changing the concentration of the product-reaction accelerator.
Let product F (for example, H20) decrease the concentration of HX

as follows:

K: |
F = HX == FH® & X—-

It 1s evident that

[Fl.=Ke RT[F). ~ p.

Instead of equution (7), we should write

[RHT], - (FH], = [X-],.

Using these relationships it is possible to obtaln expressions
for the concentration (HX) and combustion rate [6]. In this case
the case in combustion rate and the value of v with pressure

becomes gre:.ter.
If one of the decompositionn products can combine with R, the

concentration of HX increases, which leads to a corresponding

increasc in the combustion rate and an increase in v.
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Sim!larly, we analyzed cases when decomposlition 1s accelerated
by product R, i.e., when

w,, = K[RIP.

Turning to a comparison of the data given above with the
experimental data, it should be noted that many of the parameters
appearing in the obtained formulas (primarily the solubility
constants) are unknown at the present time. Nevertheless, a
qualitative explanation of the features of the combustion of these
compounds on the basis of the examined mechanism seemed\important
to us.

It is well known that the decomposition of ammenium perchlorate
[1], hydrazinium perchlorate and diperchlorate [7], and ammonium
nitrate {1] is determined by the kinetics of the deccmpositicn of
the acid, and is accelerated by additives of other acids, whereas
hydrazinium ritrate decomposes [2] basically through the decomposi-
tion of hydrazine. The first group of substances corresponds to

the scheme examined above.

The rules of ammonium perchlorate cumbustion have been studied
most thoroughly. Proceeding from data on the greater vapor pres-
sure of ammonia compared to that of perchloric acid, it is c¢o be
expected that during combustion the solubility of perchloric acid
in the condensed phase will be higher, 1.e., KHX>KR' Then,
according to (9) and (11), with an increase in pressure there
should be a decrease in the combustion rate of ammonium perchlorate,
similar to that of curve 3, Fig. 1. Experimental data [8, 9]
agree witnh this conclusion. In the pressure region 150-400 atm
(tech) a decrease in the rate 1s observed.

It 1s interesting vo note that the ignition of ammonium
perchlorate in combustible shells [8, 9] moderates this reduction .
which, in some cases, 1s replaced by a plateau. As the calculations

e —
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in [6] show, this effect can be explained in our model.

An increase

in the effective heat of the reaction leads to the fact that the
temperature of the combustion surface changes to a greater extent

with an increase in piessure and, as a result of thls, the effect
of the first factor in formula (11l) becomes greater.

During the combustion of perchlorates of organic amines [11,

12], on the u(p) curves we observed regions of a drop in the rate

or a discontinuatrion of combustion with subsequent restoration

of the combustion capability.

The mechanism of these phenomena

is also apperently assoclated with the examined effect of kinetic

deceleration.

Another feature of the process of the combustion of these

substances consists of the fact that in the region of a drop in

the rate, the combustion acquires an uistable pulsed nature. A

number of criteria on the stability of the statlionary combustion

of condensed systems exlists in the literature.

of these 1s the Novozhilov criterion

The most commeon
[13], obtalned from an

examination of the connection between the combustion rate and the

surface temperature and the temperature gradient of the combustion

surface, both functions of pressure.
stable 1f

where k= (T,—T;) —%_,

udTo )

AT
e

o7

The combustion regime is

<1, (14)

whien p=const.

Using (12) and (13) together with (14) leads to the following

type of stabllity criterion:

FTD-HT-23-1381-74 7
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Combustion stability increases with a decrease in activation
energy E and an increase in vaporization heat L, i.e., with a
decrease v=zE/2L, and also with an increase in the thermal effect
of the reaction Q and the initial temperature TO.

Equation 6(Tn)=1 which determines the stubility limit is
cubic in Tn and has three roots whicii, with derinite parameter
ratios, can be real [14] and can fall in the region of real values
of Tn'

Figure 2 shows 6 vs dimenslonless temperature On for different
values of parameter e=E/RTm. Depending on the value of this param-
eter, the combustion process can be stable throughout the .egioun
of a change in Tr| and, accordingly, p (curve i, 8§ is less than
1 everywhere), stable at low and high pressures and unstable in
the intermediate region (curve 2, twice intersecting 8=1) and stable
at low pressures (curve 3, once intersecting 8=1). A decrease in
the parameter #=L/RT ~4uses changes in the nature of the curves.
Thus, the relationships resulting from the examined mechanism,
wnich determine combustion stabllity, are in qualitative agreement
with the experimental data.

3 Figure 2. Stability criterion vs

ur temperature of the combustion surface
; in dimensionless form. ({=#=1; ®O=

#0,15): 1 - g=lf; 2 « emf; 3 ~ g=f,

FTD-HT-23-1381-74 8
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