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Figure 3 contains photographs of samples, burned at 600
psia, of the same propellant as seen in Fig. 1. The bubble
formation on the AP crystal shown in Fig. 3a is typical of
structures that have been observed in studies of AP deflagra-
tion using single crystals,® and has been interpreted as in-
dicating that the surface of the AP is covered by a thin
molten layer. Gases formed from the decomposition within
the molten layer expanded during rapid depressurization
causing the bubble formation as the AP “froze.” Indeed it
would be difficult to explain the bubble-like structure without
assuming the existence of a liquid state. Similar types of
structures are evident in Fig. 2 and 4 as well as the majority
of the samples studied. The volcano-like structure seen in
Fig. 2a and 2d, and the vented structure shown in Fig. 2¢ also
indicate that subsurface reactions have taken place within the
liquid portion of the AP prior to quench.

By mechanically stressing the quenched samples it was
possible to break the AP-binder bond, thereby releasing the
AP particles, as seen in Fig. 3b—d. The unreacted surfaces of
the AP particles which were in the binder, and the sharp edges
of the resulting craters seem to indicate that no subsurface or
interfacial reactions took place between the binder and the
AP particles. :

In order to explore a possible effect of binder-type on the
surface structure, a propellant containing a CTPB binder was
tested at pressures of 200, 500, and 600 psia. Results from
the tests at 600 psia are shown in Fig. 4 and are typical of the
results obtained at the other pressures (at the lower pressure
the oxidizer particles protruded above the binder to a greater
height). Figure 4a again indicates that the surface of the
AP crystals was molten and that subsurface reactions resulted
in gas liberation within the molten phase. The photograph
seen in Fig. 4d seems to indicate that interfacial reactions did
not oceur at the CTPB-AP interface.

Conclusions

1) Previous observations that AP crystals protrude above
the binder at low pressures and are recessed at high pressure
were verified.

2) The polyurethane binder melts during burning to the
extent that at higher pressures, where the oxidizer particles
are recessed, the molten binder is able to flow over the AP
crystals providing an explanation for the self-extinguishment
of polyurethane propellants at high pressure.

3) Interfacial or subsurface heterogeneous reactions be-
tween the AP and binder were not apparent at all pressures
for either the PU or the CTPB propellants. However, at
low pressures where the AP protruded above the binder,
there appeared to be an undermining of the AP erystals in the
PU propellant but not in the CTPB propellant.

4) The AP crystals were observed to form a thin, surface
melt and undergo subsurface reactions in the molten phase
with in-depth liberation of gas resulting in bubbles and vol-
cano-like fumaroles.
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Ion Density Profile across a Shock
in a Partially Ionized Gas

G. Kammmoto* axp M. Nisamat
Koyoto University, Kyoto, Japan

T is very important to investigate a shock structure in a
partially ionized gas in relation to the problem of a vehicle
in an ionosphere. In order to investigate whether ions follow
the Rankine-Hugoniot relation in a partially ionized gas, an ion
density profile across a shock has been measured with the Lang-
muir probe technique in a plasma jet wind tunnel,* and the ex-
perimental result has been compared with the theoretical one.
Schematic diagram of the measurement configuration is shown
in Fig. 1. Measured profiles of ion density across the shock
and in the free stream are shown in Fig. 2, which shows that
the ion density upstream of the shock decreases due to the
effect of recombination or diffusion and that the ion density
behind the shock does not increase up to the value given by the
Rankine-Hugoniot relation. Assuming that all particles have
the same velocity u; upstream of the shock and that w is
constant, the relation between 1/n; and z/u;, where n; is the
ion density and z the distance along the flow, can be obtained
from Fig. 2 asshownin Fig.3. Thefollowing equation can be
obtained easily from Fig. 3:

1/n; = (z/w) + K (K: constant) @)

where 7 is the coefficient of the ion density decay. Equation
(1) shows that the ion density decreases with time in the re-
combination type, but, when nz/u; is very small, the relation
between 1/n; and n2z/u; is approximately linear even in the
diffusion-type decay. Equation (1) leadsus to the following
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Fig.1 Schematicdiagram of measurement configuration.
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Fig. 2 Profiles of ion density in freestream and across
shock.
equation:
dlnan)/dz = —qngd @

We assume that 5 is econstant without regard to the existence
of the shock and that it takes the value in the free stream.
Assuming that u. = u; = u. = % holds even in the shock, Eq.
(2) is rewritten as follows:

dnu)/dz = —qn? 3)

In a partially ionized gas, the flow of the atoms can be con-
sidered to be unaffected by the charged particles. Therefore,
d(ngu)/dz = 0 holds. From this equation and Eq. (3),

(dni/dz) — (ni/ma)(dna/dz) = —(1/Nagia)nans®  (4)

where subsecript o denotes the upstream reference state. The
reference point is chosen as the point where the decrease of
the upstream ion density counterbalances the increase of it
due to the compression produced by the shock. Namely,
at this point, the gradient of the ion density vanishes. Equa-
tion (4) has the boundary conditions that 7. = N, 7: = 14
and dn;/dz = 0 at z = z. Using nondimensional quantities
v’ = Ni/Nio, Vo = No/Nu(— »), and § = 2/L, where L is the
maximum slope thickness of the atom shock, the solution of
Eq. (4) is obtained as follows:

. T]TL@',,L ff 9
v = Va/——ul 5 Ve dE + vao )

where v, is the value of », at £ = &, and %, = w1/ve. The
atom density profile is given by Mott-Smith’s solution, v, = 1
4+ 88/ + e~%) in which 8 = (M?* + 1)/(M? + 3). The
value of £, can be determined as follows.

From Eq. (4) and the boundary conditions, the following
relation is obtained:

(1/na0) (d’na/dz)a = nnio/uo (6)
Using Mott-Smith’s solution in Eq. (6),

lexp(—4£) 12 + 20 4+ 38 — 6w/ miL)exp(—4&,) +
1+38):=0 (M

From Eq. (7) & can be estimated. Thus, the ion density pro-
file across the shock can be obtained from Eq. (5).

Figures 4a and 4b show the comparisons between the ex-
perimental and calculated results. The ratios of the maxi-
mum ion density to the minimum one are tabulated in Table
1. The calculated results agree very well with experimental
results in the ratio of the maximum ion density to the mini-

Table 1 Ratio of the maximum ion density to the min-
imum ion density

Rankine-

M experiment calculation  Hugoniot
4.19 1.65 ~ 1.87 1.75 3.42
4.39 2.07 ~2.42 2.35 3.46

mum one. Hence, it is clear that, if the ion density decay
does not exist, ions follow the Rankine-Hugoniot relation
in the density. Since the values of 5 are very large in com-
parison to the recombination coefficient® obtained for the con-
dition similar to the present condition, it is expected that the
ion density decay results from diffusion.
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Fig. 4a Comparison between experimental result and

calculated one of ion density profile. Re; = 38 l/cm,

ng =4 X 1021/em?, ng = 1.1 X 105%1/em3, T, = 3000 °K,
Tu = 370 °K, L = 7.0 mm.
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Fig. 4b Comparison between experimental. result and

calculated one of ion density profile. Re, = 83 1/em,

npy =4 X1021/ecm?3 ng = 2.0 X 10851/ecm3, T, = 3400 °K,
Ta = 280 °K, L = 3.6 mm.
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