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Studies of Combustion of Composite Propellants
IV Effects of Particle-size of Ammonium Perchlorate
and of Oxidant-fuel Ratio lon Burning Rate
Takeshi Ito

It was stated in a previous paper that an
effect of particle-size of ammonium perch-
lorate on burning rate might be manifested
when the perchlorate with an uniform par-
ticle-size was used. In this study the follo-
wing examinations were performed : (1)
Quartile deviation (Qz) and Kramer’s mo-
dulus (K) were calculated from cumulative
curves of size-distribution. (2) Correlation
between mean volume-surface diameter
(D.s) and mass burning rate (/) was exa-
mined. (3) Correlation between weight pe-
rcent of the perchlorate and the rate was
examined. -

The results of examination (1) were su-
mmerized in Table 1. Adequate®samples of
the perchlorate powder (A, B, C, D, E
and G) weere selected among those of Ta-
ble 1. The results of examinations (2) and
(3) were shown in Fig. 3 and Fig. 5 resp-
ectively., The mass burning rate increased
as the particle-size decreased (Fig. 3). The
effect of the oxidant-fuel ratio on the burn-
ing rate may be independent on the partic-
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le-size.(The curves of D, E and G in Fig.
5 were approximately parallel in a range
from 6525 to 802 of the perchlorate.) The
curves in Fig. 3 were well represented by
the following equation (Fig. 4).
m=rme—kD e

Here n,, £ and » are constants for the
ratio. These constants obtained are shown
in Table 2,

As is shown in Table 2 the value of # va-
ries with the ratio. Values similar to those
of Table 2 could not be obtained from
total surface area or total volume of the
particles and of the binder at a burning
surface. The fact is that the factors affecting
reaction area at the burning surface may
not be largely responsible for the burning
characteristics of composite propellant. For
the moment it can only be said that a man-
ner of mixing of oxidizer and fuel gas-stre-
ams to form a flame reaction zone will play
an important role in the burning process
and will offer a possible explanation for
the term of kD".,. (Defense Academy)
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Study on the Crystal Habit Modification of Ammonium Nitrate.

II. Habit Modifiers, General Discussions and Alkylamines.
Yoshio N. Tsuchiya

Crystal l‘mbit of ammonium nitrate is mo-
dificd by the adsorption of certain foreign
substances. An interesting application of the
modified crystals to industrial explosives is
ammonium nitrate-fuel oil explosives. The
modified crystal shows high explosive sensi-
tivity when mixed with fuel oil, besides
having low caking tendency.

In the previous paper", the habit modified
ammonium nitrate crystals were examined
crystallographically. In the present, habit
modifiers especially alkylamines are treated
and the mechanism of the habit modifica-
tion is discussed.

4. Habit Modifiers, General.

Habit modification of ammonium nitrate
was treated in the work of R, Hocart et
al®,, which dealt with the oriented over-
growths on mica, and in the works of J.
Whetstone et al®, in which sulfonated dyes
were only the habit modifier discussed. In
our work habit modifiers are found out
from many organic substances. They are
dyestuffs, dye-intermediates, surface active
agents and other organic reagents,

4-1. Crystallization Test.

The habit modifiers were fourd out as

follows. A saturated aqua solution of amm-

onium nitrate at 32°C was taken in a small
test tube and a small amount of a habit
modifier sample was added. This test tube
was immersed in a bath and cooled through
the night to about 10° or 15°C. During the
process ammonium nitrate was crystallized
gradually. We payed attention to keep seed
crystals in the solution to prevent much
supersaturation which would cause fluctuated
results, The resulted crystals were compared
with pure ammonium nitrate crystals having
obtained from blank tests and habit modify-
ing effect of the sample was determined.

About two thousand of samples were te-
sted in this way and about two hundred were
found to have some effect. Crystallograph-
ical orientation of these crystals were deter-
mined by microscopic obserbations. Pho-
tographs of the modified ammonium nitrate
crystals, are shown in fig. 1.

Types of habit madification are roughly
classified into two groups. One includes
fibrous and dendritic crystals elongated along
the C axis, the other, (010) platy or tabular
ones. As we related in the previous report,
all the platy or tabular ones were (010)
habit. Typical ones of these habit modifiers
are shown in the following tables.

Table 1. Crystal habit modifying substances, first group.

Class Name Formula Effect Critical conc*,
Cationic Laurylamine C,:H;;NH,.CH,COOH fibrous 0.Cco1
surfactant acetate
Anionic Sodium lauryl- C,;H;;0S0O;Na dendritic 0.005
surfactant sulfate
do. Sodium dodecyl- C,,H,s«/\»'-SO,Na dendritic 0.01

benzene \/
sulfonate

*The minimum effective concentration, more than which habit modification is observed in a certain
condition, indicated in weight per cent of mother liquor.

(Received Aprill 17 1961)

* Research Section, Asa Factory, Nippon Kayaku Co, Ltd., Yamaguchi Prefezture,
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Fig. 1 Photographs of modified ammonium nitrate crystals.

1. Standard(010)prisms, crystallized from
water on a microscope slide, rate of
crystal growth along the ¢ axis is 0.03
mmy/sce, objectivex 10,

2. Do., growth in, a beaker, growth rate
3cm/10hr.

3. Do., growth rate 1cm/10hr.

4, Laurylamine acetate adsorbed, growth
rate 0.07mm sec, objective x 10.

5. Do.. objective x40,

6. Do., in a beaker.

7. Do.

8. Sodium lauryl sulfate adsbrbed, den-
drite, objectivex 1C.

(139)
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9. Do. 14. Do., in a beaker.
10. Do., objective x 40, 15, Sodium dinaphthyl methane disulfo-

11, Do.., crossed nicol, each part of the
dendrite has the same orientation.

nate adsorbed (010) plate, so thin that
it cannot be seen clearly.

12. Sodium dodecylbenzene sulfonate ad- 16, Do., conc. of the modifier in mother

sorbed.
13. Do., objective x 40.

(140)

liq. is about 1725, crossed nicol.
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17. Do., conc. of the modifier in mother
liq. is about 57%.
18. Do., phase contrast microscope dark-
high, layer formatio n is clear.
19. Do,

Vol. 22, No. 3. 1881

zo. Do, objectivex <0,

21. A habit change, (010) to (110).
z2. Do., in a beaker.
z3, Do.

24, Acid Magenta adsorbed (010) plate.

(141)
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25, Do. 29. Deo.

26, Do.. (0i0) and (110). 30. Do., ncedles.
27, Do. 31. The needles make (010) lath.
28, Monoazodye Amaranth adsorbed strap- 32, Monoazodye 1.6 Cleve acid—G acid
shaped-crystals, crossed nicol. adsorbed (010) plate.
(142) IRARREEE



Do., rapid growth, 0.zmm'sec.

34, Mononazodye naphthyonic acid-sH
acid adsorhed (01C) plate.

35. Monoazodye C acid-sH acid adsor-
bed (010) plate.

36. Monoazodye sulfanillic acid—»H acid
adsorbed (010) plate,

37. Disazodye Friend acid—s1.7 Cleve
acid—R acid adsorbed (C10) plate.

38. Sodium di-J-acid adsorbed.

39. Deo., dendrite on (010).

Veol. 22, No. 3. 1981 (143)




Table 2. Crystal habit modifying substances, second group.

Class Name Formula** Effect Critical conc.
. . 2
Alkyamine n-Hexylamine C,H,;NH; lpal;I:)y: ?5!0)
Anioni Sodium dinaphtyl- "\ VAN
:u':'f‘;ﬂ:':m methane P S | ~CH,+ i/\. S lathy or 0.01
difulfonate "2 A platy (010)
OH O‘H
1
Dye- Sodium Jath (0‘0)
in)lcrmcdiule di-J-acid /,OO\ /Q/J\ y
] NH S
OH O'H
1
do Sodium carbonyl- mo (\l/\ lathy (010)
J-acid FAVAVAN PAVAVAN
S NHCONH S
OH
_ N
e -N = N-
Monoazo- Sodium \_> N--N fibrous or 0.005
dyes 1, 6-Cleve acid / > S_ platy (010)
-G acid S y
s AN
S S
NH,
ST lath 0.005
Triphenyl-  Acid magenta N athy or .
met mncydycs O platy (010)
1
C
50
/’ N
NH; | | NH,
S S
** § -SO;Na

4=2. Discussion.

As it is shown in the tables habit modif-
ying substances are primary alkylamines,
alkylsulfates, alkylarylsulfonaies and aroma-
tic sulfonates. Their active groups are only
the sulfonate, sulfate and primary amine,
though they are found out from many or-
ganic substances. The fact that these active
groups have a certain similarity in the shape
and size to nitrate ion and ammonium ion
which are constituents of ammonium nitrate
crystals, reminds us the mechanism of the
adsorption of dye ions by growing alum
crystals proposed by W. G. France®, that
i1s: “The foreign ion or molecule may act-
ually replace an ion in the crystal lattice,
especially if there is an identity or close

20
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similarity in the size and shape of an active
group in the foreign ion with that of the
ion it replaces.”

Modifiers of the first group are nearly
linear molecules having one active group on
a terminal, whereas the second group are
rather flat molecules having more than two
active groups. As to the latter, which give
(010) habit crystals, position of the active
groups has quite specific effect on the habit
modification, slight difference of it some-
times makes the modifying power invalid.

Though they are classified surface active
agents, dye-intermediates or dyes, the habit
modifying effect seems to have no connect-
ion with their original functions but to have

with their molecular structures.
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Habit modification with foreign substance
like dyes comes from change of relative
grow rate of the crystal faces caused by
adsorption of the substance. The substance
adsorbed on the surface of the crystal may
exercise different effects, and the adsorbed
face and developed face are not always the
same. Such a circumstance is explained as
follows. If the substance adsorbed strongly
and in high surface concentration it may
prevent further growth of the crystal. When
the adsorption takes place on certain sur-
faces, they develope, In this case the foreign
substance exists on the surface of the deve-

loped faces. If the surface concentration is
not so high as to prevent later growth, or
the substance is weakly adsorbed and it is
easily expelled from the newly formed layer,
it may leave distortion, dislocation or kink
spot on the host crystal. Then these disorder
may act as active spots from which crystal
In this case adsorbed faces'
grow rapidly and in consequence the edge
plane developed, i. e. the adsorbed face and
developed face are different. Adsorption of
dye is concerned adsorbed face is tinted with
the dye, then these circumstances are obvi-

growth starts,

ous.

Table 3. Crystal habit modifying eflect of alkylamines.

Name Formula
methylamine CH NH,
ethylamine C:HNH,
i-propylamine C:;H;NH;
n-butylamine C.H,NH,
i-butylamine C H,;NH,
i-amylamine C.H,,NH,
n-hexylamine C.H,;;NH,
laurylamine C,.H:NH,;
stearylamine C,:H::NH,
benzylamine C.H;CH;NH,
diethylamine (C:H;).NH

dimethyl laurylamine C,;HyN (CHy)2
dimethyl stearylamine C,Hy,N (CHj;);

lauryl trimethyl
ammonium chloride

stearyl trimethyl
ammonium chloride

5. Habit Modifiers.
5-1. Alkylamines.

Alkylamines are one of the most effective
habit modifiers, Some of them shows crit-
ical effective concentration of habit modifica-
tion as low as 0.00125, As it is shown
later the alkylamine modified crystal has the
best quality for AN-FO. Acetic salts of
alkylamines having carbon number of 10~
20 have been patented as anticaking agents
for ammonium nitrate.®? The mechanism
of it is explained as a lowering in the sur-
face tension of ammonium nitrate solution

Vol. 24, No. 3, 1851

[C 19H31N (CH,);]' Cl

Effect
no
no
no
no
no
no
lathy (010) 2
fibrous 0.001
fibrous 0.001
no

.no
no
no

Critical conc.

[Ci:HxN (CH;)y)-Cl no

no

and formation of oily surface films on the
crystal.) The former is irrational from the
reason that there are many surface active
agents which depress the surface tension of
the solution but few is effective for the pr-
evention of the caking. It may be due to
the formation of oily surface films by ad-
sorption of alkylamine onto the surface of
the crystal., Anticaking tendency of the mo-
dified ammonium nitrate crystal will be dis-
cussed later,
5-1-1. Alkylamines Tested.

Habit modifying effect ofvaricus alkyl-
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amines are tested as beforemensioned. The
results are shown in table 3. It is shown
that primary zalkylamines having more than
6 carbons arc effective. As to secondary
amines we caa not say for certain owing
to the smczll number of examples, they
seem to bc uneffective. Tertiary amines and
quaternary ammonium salts are uneffective.
Acetates of amines show the same behavior
as orginal amines,

5-1-2. Properties of Alkyamines,

For discussing the mechanism of adsorpt-
ion of alkylamines we have to know the
properties of the substance. Alkylamines and
ammonia are considered to be intimately
related chemical compounds. Their molecu-
lar structure is verified to be a pyramid
having a nitrogen atom for its apex by
electron diffraction, dipolemomentum and
x~ray diffraction of the crystal,

Aliphatic amines are stronger base than
ammonia, and they dissociate according to
the equation.

RNH.+H,0=RNH;*+O0H"~
Dissociation constants are,
methylamine
CH,NH,+H,0=CH,NH,*+0OH"
Kv=[CH,NH,*TTOH-]JTCH,NH,]

=5.0x10"*
n—propylamine i=propylamine
Kv=4.7%10"" Kp=5.3x10"*
r.—butylamine i-butylamine
Kv=4.1x10"* Ky=3.1x10"*
n-amylamine i-amylamine
Kv=4.4x10"* Kp==5.0x10""
cf. NH,+H,O=NH,*+0OH"
Ky=1.75x10"*

It is proved that the N atom of ammonium
ion and quaternary ammonium salt takes
tetrahedron strurcture which coresponds to
the C atom of methane molecule. Dissocia-
ted amine salt is possible to take the same
structure. Schematic models of the iones

2 (146)

are 1liustrated in Fig. 2 in which size of the
atomes is expressed by van der waals diame-
ter.

Fig. 2 Schematic Modeles of Amines
and Ammonium Ion.

(a) ammonium ion (b) ionized peimary amine
{ c¢) ionized secondary amine

51-3. Discussion

Habit modification with alkylamines seems
to be caused by adsorption of ionized amines,
Ammonium ion and jonized amine have the
same unit charge, and have the same struct-
ure and dimentions on a certain direction,
Therefore the ionized amine can be adsorbed
electro statically in place of ammonium ion,
This idea is supported by the fact that the
quaternary ammonium salts, tertiary amines
and secondary amines do not show any eff-
ect, Their structures are similar to that of
primary amine, but hydrogon atoms of latter
are replaced by an alkyl group or groups.

"As a result of that their structures become

so big that they cannot replace the ammon-
jum ion.

Soluble salts of alkylamine, e. g. salt of
acetic acid dissociate according to the equ-
ation:

RNH,-CH,COOH=RNH,*+CH,C00-
and resulted ionized amine RNH,* acts as
a habit modifier. In the case of free alkyl-
amine it removes a proton from an ammon-
ium ion which exists much in the solution
of ammonium nitrate, as it is a stronger
base than ammonia, and almost all of alkyl-

TRREWSE



amine molecules are ionized* according to

the equation:
RNH,+NH,*=RNH,* +NH,

Thus the free amine and salts of amine act

in the same way.

Summary

Habit modifiers for ammonium nitrate
have been found out from many organic
They are classified
groups. The first ones are nearly linear

substaces. into two
molecules having one active group on a
terminal, and they give fibrous or dendritic
crystals elongated along the ¢ axis. The
second ones are rather flat molecules having
more than two active groups, and they give
(010) plate or lath,

adsorbed on the growing surfaces of am-

These modifiers are

monium nitrate crystals. Then the relative
grow rate of the crystal faces are effected
and the habit is modified. Effective groups
for adsorption are alkylamine, sulfate and
sulfonate. These active groups have a certain
similarity in the shape and size to nitrate
jon or ammonium ion which are constitu-
ents of ammonium nitrate, and are possible
to replac one of the constituents,

The habit modifying effect of alkylamines
have been discussed. Primary alkylamines
having hydrocarbon chaine of more than 6
carbons are effective. The adsorption is eff-
ected by ionized amine group. In the am
monium nitrate aqua solution free amine
and soluble acid salt of it act in the same
way, -
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* Dissociation of alkylamine in soln, is shown as
follows, Dissociation of alkylamine is;
K ~[RNH3*J[OH-]/[RNH ]G x 10-4
and that of ammonia is:
Kz~[NH*J[OH-)/[NH3)~2x10-5
combining these
[OH-]~K;[RNH2)/[RNH3* J~Ko[NHs]),(NH¢*J---(1)

Let the added be C; mol/1, that

of ammonia Cz mol/l and dissociation of aminc x, then,
[RNH2]=C1(1=x), [RNH;*J=C1x, [NH3]
=Czx, [NH{*)=C3~-Cyx,

substituting these, equation (1) Is writen
K1+C1(1=x)/CyxmwK3+Cyx/(C2~-C1x)

In & practical condition C)#10°2, C;=10, then we get x&1.
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