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Fig. 3 Mass-capture ratio predicted by modified Masuya equation.

waves increases. The number increases with increasing contraction
ratio.

In the data, he was from 80 to 100% of h; L was from 0%
to 50% of the length from the inlet entrance to the throat; l
was from 9% to 27% of the inlet length; SW was from 30 to
60 deg; and CR was from 2.9 to 9.3. Width at the entrance
was not selected as a parameter because the widths of the inlets
adopted here were in a narrow range, from 0.8 to 1 of the inlet
height.

The modified mass-capture ratio ηcap,m was expressed using the
modification factor f and the parameters n1 = 10, n2 = 0.4, n3 = 1,
n4 = 0.1, and n5 = 0.5:

ηcap,m = (ηcap [by Masuya’s equation]) × f (x) (4)
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The modification factor was attained empirically from the data of
the mass-capture ratios:

f = −0.0092/x + 1.05 (6)

Figure 3 shows the correlation between the test data and the cal-
culated capture ratio by Masuya’s equation. Correlation between the
experimental values and the calculated values was 0.94.

Equation (5) shows that the effect of the boundary layer on the
capture ratio was large. The inflow boundary layer should be thin.
The effect of the strut was also large. Neither the effect of the swept
angle nor the length of the inlet affected the mass-capture ratio
greatly.

Conclusions
Air-mass capture ratios of the scramjet inlet models were mea-

sured in the PWT at Mach 3.4, 5.3, and 6.7 conditions. The ratios
of the RJTF test models were estimated with the test data from the
PWT. An empirical equation was constructed for the mass-capture
ratio of the sidewall-compression-type inlets. The equation showed
that the effect of the boundary layer and the effect of the strut were
large.
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I. Introduction, Background, Objectives

I T is well known that the addition of appreciable amounts of alu-
minum powder (e.g., ca. 15–20 wt.%) to conventional double-

base solid propellants can improve their performance (e.g., spe-
cific impulse, etc.).1 However, the achievable performance gain will
certainly depend upon the location of the release of the heat of
molten alumina crystallization during the droplet-laden gas expan-
sion process.2 Moreover, the location of alumina freezing will also
dramatically influence the optical properties of such plumes.3,4 Until
now, there has evidently been no simple method to estimate the spa-
tial location and distribution of the volumetric rate of release of this
appreciable latent heat. While undercoolings of as much as around
20% of the equilibrium freezing point5,6 are known to be possible
in principle, actual performance experience indicates that such ex-
treme delayed freezing probably does not occur, at least for the bulk
of the alumina present. In this Note we propose a plausible expla-
nation for this, and one which, with further development, promises
to enable rational predictions of crystallization rates in metallized
solid-(propellant)-rocket-motor (SRM) combustion products.

II. Theory of Alumina Nanodroplet Freezing
Using typical numbers for aluminized SRM situations [e.g., the

space shuttle solid rocket boosters (SRBs); compare Table 1], we
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show here that premature freezing of nanodroplets of alumina [the
so-called condensation mode, with a Sauter mean diameter (SMD)
d32 of only about 56 nm (Ref. 7)] can limit supercooling of the
bulk of the [supermicron mode(s) of] molten alumina present in the
nozzle. The nanodroplet population, resulting from the condensa-
tion of molecular vapor precursors to Al2O3, is expected to freeze
first because, even though they might supercool by, say, 19% of
their equilibrium mp, their equilibrium mp is itself appreciably el-
evated by the Laplace overpressure associated with their surface
energy and small radii.8 The freezing point shift is, in turn, caused
by the appreciable volume contraction upon freezing—estimated
to be about 30% for alumina. This remarkable combination of cir-
cumstances is shown next to enable the freezing of an adequate
fraction of the nanodroplet population to heterogeneously nucleate
freezing of the micron-sized alumina droplets at temperatures well
above 0.81(2327 K) = 1885 K (which might otherwise have been
necessary).

With this picture in mind, we first estimate the equilibrium freez-
ing point of a nanodroplet of diameter d at external pressure p by
combining the equation for the Laplace (capillary) overpressure:
(�p)L = 2γLV/(d/2) (where γLV is the liquid/vapor interfacial en-
ergy) with an integrated form of the Clausius–Clapeyron equation,

Table 1 SRM environment and alumina property values
for illustrative calculations (Figs. 1, and 2)

Quantity Value used

SRM (e.g., SS-SRB) environment1

Chamber pressure 68 atm (6.9 MPa)
Chamber temperature 3400 K
Mean molecular weight 29
Mean specific heat ratio 1.15
Aluminum mass loading (fuel) 0.16
Alumina mass fraction (products) 0.33
SMD-nanodroplet mode 56 nm
SMD-microparticle mode 3.6 microns

Estimated alumina property values
Molecular weight 101.96
Tmp,ref (1 atm, d = ∞) 2327 K
Heat of fusion at Tmp,ref 107.5 MJ/kg-mole
Molar volume of solid at mp, ref 2.6 × 10−2 m3/kg-mole
Relative volume change on melting 0.3 (�Vm/Vs )
Surface energy of melt/vapor 0.9 J/m2

Fig. 1 Estimated equilibrium freezing temperatures of alumina nanodroplets of diameter d (nm) at several external pressure levels (atm).

based on the assumption that the property combination L [defined
by Eq. (1)] is nearly constant.

L≡ [(�Hm/Vs)/(�Vm/Vs)] · pref ≈ 1.36 × 104 (1)

This leads to the following equation for Tmp(d, p), where Tmp,ref ≡
Tmp(∞, 1 atm) = 2327 K, with typical results plotted in Fig. 1:

Tmp(d, p)=Tmp(∞, 1 atm) · exp (((1/L) · {[(�p)L/pref]

+ (p/pref) − 1})) (2)

At any location within the nozzle, an inverted form of this equa-
tion was used to find the size of the nanodroplet that satis-
fies the local homogeneous nucleation (crystallization) condition:
T = 0.81Tmp(d; p), where T is the local gas mixture temperature
achieved in the isentropic expansion from the assumed chamber
conditions (Table 1).

III. Physical/Mathematical Model
With the preceding objectives in mind, we now investigate a delib-

erately idealized mathematical model9 of the nonequilibrium crys-
tallization of an initially log-normal population of alumina nano-
droplets present at negligible mass loading in an expanding mixture
of combustion products (including micron-sized alumina droplets).
On the timescale of product gas expansion (around milliseconds),
crystallization of each nanodroplet is considered instantaneous.
(Once nucleation occurs, crystallization should take less than around
0.2 µs for a 56-nm-diam droplet cooled to 0.81Tmp.) However, as
just noted, each such droplet is considered to crystallize at a size-
dependent temperature: 0.81Tmp(d; p), where Tmp(d; p), now given
by Eq. (2). Exploiting an isentropic approximation, we account
for the thermal coupling between these nanodroplets and the ex-
panding carrier fluid, approximated as an ideal gas-particle mixture
with nearly constant specific heat ratio. Nanodroplet number den-
sities are considered low enough to neglect appreciable Brownian
coagulation/heterogeneous nucleation during the expansion.

For our present quantitative estimates we considered an initial
nanodroplet population with a SMD of around 56 nm and a vol-
ume distribution function spread parameter of around σg = 2.1. This
coagulation-aged spread (for example, see Refs. 10 and 11) imme-
diately leads to an estimate of the geometric mean size dg (around
48 nm) for the nanodroplet population, from which we can then find
the number fraction that is frozen g at any expansion ratio (pressure
ratio pch/p):
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Fig. 2 Predicted evolution of nanodroplet freezing during the expansion of aluminized SRM combustion products: g number fraction frozen
[Eq. (3)] and f volume fraction frozen. Also shown are the expansion pressure ratios pch/p at which T = Tmp,ref = 2327 K (within nozzle) and
T = (0.81) · Tmp,ref = 1885 K (downstream of nozzle exit plane; station j).

g = (1/2) · {1 + erf
[

ln(d/dg)
3
/(√

2 · ln σg

)]}
(3)

d/dg and the nanodroplet population spread also allows us to cal-
culate the corresponding volume fraction11 f , which is frozen—for
completeness, this quantity is also shown in Fig. 2. We also com-
ment that, although it is true that the very smallest droplets in the
postulated nd population are unstable with respect to vaporization
(because of the Gibbs–Kelvin effect on equilibrium vapor pressure),
they are found to comprise an insignificant fraction of the total nd
population (even at 3400 K).

Notice that by an expansion ratio of only about 52 (where the local
gas temperature is about 2030 K, corresponding to the bulk of the
alumina being undercooled by at most only about 13%) over 10%
of the nanoparticle population should be frozen. Moreover, their
sublimation lifetime would be more than adequate to survive, even in
the absence of any local condensible vapor. What remains is the need
to estimate whether the corresponding local number concentration
of freezing nucleii would be able to bring about freezing of the local
supermicron population on a microsecond timescale.

IV. Application to the Heterogeneous Nucleation
of Crystallization in the SS-SRB Environment

Of course, we need to learn more about the efficacy of nanopar-
ticles as freezing nucleii for the much larger but much less numer-
ous alumina microdroplets present in aluminized-SRM applications.
But, let us now suppose that the decisive rate of release of the heat of
crystallization will be controlled by the availability of these postu-
lated nanoparticle freezing nucleii, that is, their collision rates with
supermicron, undercooled suspended alumina droplets.

Previous work2 has shown that the supermicron mode cannot
quite accelerate as fast as the carrier gas, so that by the time these
droplets start to supercool the local gas mixture is already mov-
ing faster than the droplets by slip velocities Uslip of the order
of 102 m/s. Then a lower limit to the characteristic time between
np/microdroplet (µd) encounters is set by the local value of

tnp/µd = [
g · Nnd · Uslip · ηcap · (π/4)d2

µd

]−1
(4)

where ηcap (the capture fraction9,12) is taken to be unity. To com-
plete this calculation, we require an estimate of the effective total
number density of nanodroplets present prior to the expansion, that

is, Nnd,ch;eff, and then this should be reduced by the gas density ratio
(pch/p)−1/γ , where γ = 1.15 (Table 1). (For simplicity, we do not
consider here the likelihood of continuous formation of nds during
the expansion.)

We proceed by first recalling that the total alumina mass fraction
in the combustion products is about 0.33. It has also been reported7

that the surface area associated with the condensation mode is about
one-third of that of the micron-sized particles. This information,
combined with the preceding SMDs, fortunately allows us to fix an
order of magnitude for Nnd,ch, which we find to be 0.6 × 1017m−3 or
about Nnd = 3 × 1016 m−3, where g = 0.1. Using these estimates in
Eq. (4) for tnp/µd reveals that crystallization induced by np contacts
could indeed take place on about a 3-µs timescale, corresponding
to release of the heat of crystallization in less than 1 cm of further
axial travel, that is, within the nozzle.

The present preliminary estimates evidently justify more accurate
predictions in the immediate future. Apart from some basic data that
are undoubtedly still controversial (such as the actual np/nd con-
centration near the exit plane), these predictions, in turn, ultimately
require integrations over both the distributions of frozen nanoparti-
cles (here assumed to be a truncated log-normal) and the slipping
molten microdroplets, and allow for both incomplete capture (i.e.,
ηcap < 1) and a distribution of nucleant potency in the nanoparti-
cle population. Additional details will be presented in a full-length
account of this new approach,9 which is only outlined here.

V. Results, Discussion, Implications
It is remarkable, and somewhat ironic, that lag phenomena as-

sociated with the inertia of the supermicron droplets (comprising
most of the mass of suspended alumina) responsible for calculable
performance losses appear to be essential to increase the collision
frequency between nano- and microparticles to levels required for
microdroplet freezing on a microsecond timescale. Indeed, in the
limit Uslip → 0 our estimates of the characteristic time tnp/µd [com-
pare Eq. (4)] would be in the millisecond range because collision
rates would then be limited by the much slower process of nanopar-
ticle diffusion (because of their Brownian motion).9,12

The relations and simplifications just utilized were intended only
to be sufficient to establish the plausibility of the present mechanism
for crystallization heat release in metallized SRM situations. If this
concept can now be more firmly demonstrated, many systematic
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improvements can/should be introduced with the goal of increasing
the accuracy and generality of our present predictions. This includes
allowance for the variability of materials properties (like �Hm/Vs ,
surface energy, specific heat ratio, etc.), which we have, for simplic-
ity, treated as constant (compare Table 1). It would also be possible
and necessary to calculate volumetric crystallization heat-release
rates by integrating over both the distributions of frozen nanoparti-
cles and molten microdroplets, and, of course, include the effects of
this heat release on the expanding carrier gas. Accurately estimating
microdroplet temperatures and velocities in the expanding flow now
takes on even greater significance because of its key role in deter-
mining the collision frequency between our predicted nanoparticles
and the more familiar micrometer mode that dominates the local
particle mass fraction. Ultimately, it might also be possible to take
into account the likelihood that all nanoparticles will not be equally
effective as freezing nucleii when they encounter supercooled mi-
crodroplets. We anticipate that questions of this type, as well as the
liklihood of the nucleation of new nanodroplets/particles during the
expansion, will motivate interesting new research, with results also
applicable to other fields in which this sequence of crystallization
events is also likely.

VI. Conclusions
In summary, our preliminary estimates have indicated that dur-

ing the solid-rocket-motor (SRM) combustion product expansion
process numerous/mobile nanocrystals are formed by the homoge-
neous nucleation of crystallization. Because of the Laplace overpres-
sures existing within the alumina nanodroplets, these are expected
to freeze surprisingly early [Eqs. (1) and (2) and Fig. 1], and some
nanoparticle freezing nuclei might already be present near the equi-
librium freezing point of the bulk of the molten alumina. With fur-
ther expansion the number of these frozen nanoparticles, metastable
with respect to local sublimation,9 is predicted to increase rapidly
until their collisions with supercooled microdroplets brings about
heterogeneously nucleated crystallization well above microdroplet
temperatures near 1885 K and on a microsecond timescale. Our pre-
liminary estimates (Sec. V and Fig. 2) indicate that this “avalanche
of freezing” will ordinarily occur before the nozzle exit plane (sta-
tion j, Fig. 2) is reached.

We have called attention here to the likely importance of nan-
odroplet freezing in providing abundant nuclei, metastable with re-
spect to sublimation, for the crystallization of the bulk of the alumina
produced in the combustion expansion of aluminized solid propel-
lants. Our preliminary calculations, just summarized, suggest that
the decisive rate of release of the heat of crystallization will generally
be controlled by the availability of these nanoparticle freezing nu-
cleii, that is, their collision rates with supermicron, undercooled sus-
pended alumina droplets. With further development, this tractable
scenario, which appears to be plausible and self-consistent and now
cries out for more direct experimental supporting evidence, promises
to enable rational predictions of crystallization locations/rates in
metallized-SRM combustion products.

Among other minerals of geophysical interest, Shen, G., and Lazor, P. [J. Geophys. Res., Vol. 100, No. B9, pp. 17,699–17,713 (Sept. 10, 1995)] have
experimentally studied the melting point of macroscopic specimens of corundum (AI203) up to nearly 30 GPa (ca. 300,000 atm), using a laser-heated diamond
anvil cell. While melting temperatures above 3600 K were, indeed, reported (cf. Fig. 1), in their anvil apparatus this required pressures above ca. 24 GPa. This
seems to be the only available high pressure melting point data for alumina, but it indicates that subsequent rocket motor calculations based on the mechanism
of nano-particle freezing suggested here will have to introduce more realistic high pressure property data, only now becoming available.

In closing, we remark that, although the engineered metallized-
SRM environment has many novel features, the sequence of events
considered quantitatively in this Note (i.e., freezing by homoge-
neous nucleation of the nanodroplet mode first, thereby providing a
population of freezing nuclei for the bulk of the suspended molten
material) will probably apply to other important environments, in-
cluding natural ones, in which rapid cooling of a complex, multi-
modal suspension of liquid in vapor occurs by a combination of
expansion, entrainment, and/or IR radiation.
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