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traditional instrumentation methods, along with substantial benefits
in the handling of the sensor wiring.
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Introduction

L IQUID-FERROCENE derivatives have envinced great inter-
est as burning-rate catalyst for ammonium-perchlorate (AP)-

containing composite propellants. A major advantage of these spe-
ciality materials over conventionally used solid catalysts (Fe2O3

or copper chromite) is that they do not impose penalty on load-
ing of the energy-producing solid oxidants and fuels.1 However, a
widely used ferrocene derivative, namely, n-butyl ferrocene (nBF),
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tends to migrate during storage, resulting in changes in programmed
burning rates leading to reduction in useful life of the propellant.
Moreover, air oxidation of nBF migrated to the surface converts it
to products rendering propellants susceptible to impact and friction
stimuli. One of the approaches to mitigate migration problem is to
select ferrocene derivatives carrying large and bulky substituents.
This led to the emergence of 2,2’ bis(ethyl ferrocenyl propane)
[catocene] and 1,3 di ferrocenyl-1-butene (DFB)1,2 as an alternate
choice. However, the problem of migration exists for them through to
a lesser extent. A major technological breakthrough was achieved at
SNPE, France, with the development of technology of BUTACENE
obtained by grafting ferrocene moiety on pendant -CH = CH2 of
hydroxyl-terminated-polybutadiene (HTPB) prepolymer.3 Another
innovative approach involves modification of ferrocene molecule
by introducing reactive isocyanate or hydroxyl groups,4 which can
get bonded to the end groups of the polymeric binders through cu-
rative during the course of curing of polymer/propellant. Nilesen5

has reported use of functional di ferrocenyl compounds.
Manke et al.6 demonstrated that ferrocene compounds contain-

ing a single hydroxyl end group are as effective (or even more) as
catocene in enhancing the burning rates of composite propellants.

This Note reports synthesis and characterization of ferrocene
polyglycol oligomer (FPGO) having reactive hydroxyl (-OH) end
groups capable of chemically bonding to HTPB by the agency of
isocyanate curatives through urethane bridge. Potential of FPGO
vis-à-vis nBF and DFB was evaluated as burning-rate enhancer for
AP-HTPB composite propellants during this work. Fe2O3 was also
evaluated to generate the reference data. Thermal studies were un-
dertaken to get information on decomposition pattern of ferrocenes
and the propellants.

Experimental
Synthesis and Characterization of FPGO

FPGO was synthesized on the lines of the method reported in
patent.7 The synthesis involved condensation of ferrocene with
acetyl chloride in the presence of AlCl3 leading to the formation of
diacetyl ferrocene (DAF). DAF was converted to bis (hydroxy ethyl)
ferrocene (BHEF) on reduction by sodium borohydride (NaBH4) in
isopropanol. Condensation of BHEF with 1,4 butane diol in the
presence of BF3 etherate yielded FPGO. Synthesized material was
characterized by ultra violet-near infrared (UV-NIR) (Hitachi model
340-C) in acetonitrile, Fourier transformed infrared (FTIR) (Perkin
Elmer Model 1605) in KBr pellet, and 1H Nuclear Magnetic Res-
onance (1H-NMR) (Bruker 300 MHz) in CDCl3. Iron content was
determined by colorimetric estimation. Number average molecu-
lar weight (Mn) was obtained on a vapour-pressure osmometer
(KANUER make), and viscosity was measured on Brookfield vis-
cometer (model DV-3). DFB was synthesized and characterized as
per the methods reported earlier,8 whereas nBF and Fe2O3 ( mean
average partical size 5µ) were obtained from commercial source
and used as such to generate comparative data.

Processing of Propellant
Composite propellant selected for the present study comprised

85% AP and 15% binder {prepolymer-HTPB 7.5%, plasticizer-
dioctyl adipate-DOA 4.5%, antioxidant cum cross linker-pyrogallol
0.5%, process aid-lecithin 0.3% and curative-toluene di isocyanate-
TDI 2.2% [isocyanate (NCO):Hydroxyl (OH) 1:1]}. HTPB, DOA,
and pyrogallol were mixed under vacuum (10 torr) for 2 (h). Bi-
modal (60:40 blend of 250µ and 9µ size) or monomodal fine (9µ)
AP was added to the binder, and mixing was continued for 30 min.
Burning-rate catalysts (Fe2O3/nBF/DFB/FPGO) were incorporated
into one to two parts by weight over 100 parts of the composition
and mixed for 10 min. Subsequently, curative (TDI) was added, and
final mixing of the contents was carried out for 45 min (including
15 min under vacuum). The slurry was cast in a mould evacuated to
<10 torr and cured at 60 ± 2◦C for 10 days. All of the solid ingre-
dients were dried to the moisture level of <0.5% before processing.
Particle size of AP was determined on Malvern particle size anal-
yser (Model Series 2600 C). The 80% particles fall at mean average
value.
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Evaluation
Strand Burner Test

Accoustic emission technique was applied to determine the burn-
ing rates in the pressure range of 1–9 MPa. The propellant sam-
ples in the form of strand (6 × 6 × 100 mm) were placed in a
nitrogen-pressurized steel bomb and ignited electrically through
nichrome wire. The deflagrating samples generated accoustic sig-
nals, which were sensed by piezoelectric transducer of 200-kHz res-
onance frequency.9 The accuracy of measurement of burning rate
was 2–3%. Five experiments were conducted at each pressure for
each sample. Standard deviation was of the order of 0.2%.

Thermal Analysis

Thermal decomposition behavior of ferrocene compounds FPGO,
DFB, and nBF was studied at the heating rate of 10◦C/min on
thermogravimeric (TG) analyzer (Mettler Toledo-make) under ni-
trogen atmosphere. To compute activation energy (Ea) of the
decomposition by Coats and Redfern10 method

log10

[− log10(1 − α)
/

T 2
]

values were plotted against corresponding 1/T . Where α = fraction
of sample decomposed at time t and T is the corresponding tem-
perature. The slope of plot gives Ea/2.3 R, where R is universal gas
constant.

Decomposition patterns of the propellants were determined (un-
der nitrogen) at the heating rates of 5–25◦C/min (at an increment of
5◦C/min) using differential scanning calorimeter (DSC) of Perkin
Elmer make. Activation energy (Ea) was computed by applying
ASTM11 method based on Kissinger relation

ln
(
β
/

T 2
m

) = ln (Z R/E) − E/RTm

where, β is the heating rate in K/min, Tm the peak temperature in
K , and Z the preexponential factor. E is calculated from the slope
of the curve as per the relationship
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d − ln
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β
/
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m

)/
d(1/Tm)

]

Results and Discussion
Characterization

FTIR of FPGO exhibited band at 3420 cm−1 corresponing to -OH
group. Absorptions at 3090, 1100, and 995 cm−1 are attributable to
vibrational transitions associated with cyclopentadiene rings of fer-
rocenes. 1H-NMR of FPGO exhibited signal at 4 δ as a result of
8H of cyclopentadiene moiety. O-CH2 protons resonated at 3 δ. The
signal at 1.9 δ could be assigned to -OH proton on the basis of D2O
exchange. Signals at less than 1.9 δ can be attributed to C-H and C-
CH3 protons. UV spectra of FPGO exhibited absorption at λmax 325
and 445 nm because of the presence of ferrocene moiety. The iron
content of oligomer was found to be 16 ± 1%. Its number average
molecular weight (Mn) was of the order of 700 ± 40. The hydroxyl
equivalent of FPGO ranged between 0.29–0.33. These results con-
firm that polymer molecule comprises two units, each derived from
bis hydroxy ethyl ferrocene and 1,4 butane diol with two end-OH
groups. Density (1.23 ± 0.03 g/cm3) and viscosity (4650 ± 100 cps
at 25◦C) of FPGO were found akin to the processing of solid pro-
pellants by casting technique.

Burning Rates
In the strand burner test, the control propellant based on bimodal

AP (without catalyst) gave burning rates of 2.8–9.1 mm/s in the pres-
sure range of 1–8.8 MPa. Incorporation of one part of Fe2O3 over
100 parts of propellant led to an increase in low-pressure combus-
tion limit (LPCL) to 2.9 MPa. It resulted in 25% enhancement of the
burning rates of the propellant in the pressure range of 4.9–8.8 MPa
compared to control. On the other hand, addition of nBF or DFB
led to 28–80% improvement of the burning rates in the entire pres-
sure range without affecting LPCL. FPGO exhibited catalytic effect
comparable to nBF and DFB. Increase in FPGO content to two
parts over 100 parts of propellant led to further improvement in the
burning rates (Table 1).

Table 1 Burning-rate results of composite propellants based
on bimodal AP

Burning rates (mm/s) at pressure (MPa)
Ballistic
modifier 1 2.9 4.9 6.9 8.8 n

Control 2.8 4.9 6.2 7.8 9.1 0.53
Fe2O3 (1 part) —— 3 8.4 10.4 11.2 0.50
nBF (1 part) 5 7.0 9.7 11 12.1 0.42
DFB (1 part) 5.2 7.3 9 11.2 11.7 0.38
FPGO (1 part) 5.8 7.7 11.6 13.3 13.4 0.42
FPGO (2 parts) 6.1 9.3 14 15.4 16 0.47

Thermal Decomposition

DSC of the control propellant (bimodal AP) exhibited endotherm
having Tmax of 242◦C followed by two exotherms with Tmax of 320
and 406◦C. In ballistically modified propellants, endotherm was
observed at more or less same temperature while first exotherm
marginally shifted to lower temperature (306–315◦C). The effect
of addition of ballistic modifier on Tmax of second exotherm was
relatively more pronounced. Propellants incorporating Fe2O3, DFB,
and FPGO exhibited Tmax of second exotherm in the temperature
range of 351–362◦C while nBF gave intermediate value of Tmax

(382◦C).

Mechanistic Aspects
AP is known12 to undergo orthorhombic → cubic transitions re-

sulting in endotherm at 240◦C followed by ∼30% decomposition
in the vicinity of 300◦C. It undergoes complete decomposition at
∼400◦C. The decomposition process is accompanied with heat re-
lease. DSC of control propellant (without ballistic modifier) exhib-
ited basic features of AP decomposition suggesting its predomi-
nant role. The DSC pattern of the ballistically modified propellants
brings out that Fe2O3 as well as both ferrocene derivatives; DFB
and FPGO influence the second exotherm significantly, whereas
nBF appears to be relatively less effective in this regard. Despite
the differences in the thermal decomposition pattern as well as iron
content, the extent of burning-rate enhancement by nBF, DFB, and
FPGO was found to be more or less same and relatively more than
that of Fe2O3. It is opined that iron catalysts eject α-Fe2O3 particles
generated in situ into the flame, which provide a site of heteroge-
neous catalysis.13 A large number of researchers have reported that
Fe2O3 catalyses decomposition of AP in vapor phase rather than
in subsurface/condensed phase.14−16 Ferrocenes tend to decompose
exothermically unlike Fe2O3 producing ultrafine α-Fe2O3 particles
on oxidation of molecular Fe formed, resulting in superior burn-rate
enhancement compared to latter.

To get additional information, ferrocene derivatives were sub-
jected to TGA. It brought out that nBF gets completely volatilized
below 150◦C, that is, much before the attainment of the temperature
required for setting in of the decomposition of AP/AP propellants. In
the case of DFB, 73% weight loss was observed in the temperature
region of 230–330◦C without appreciable change in DTA followed
by 20% weight loss accompanied with pronounced exothermicity in
the temperature region of 330–440◦C in which AP/AP propellants
undergo major decomposition. FPGO exhibited 35% weight loss
in the temperature range of 240–275◦C, followed by 30% weight
loss in temperature range of 275–340◦C and 20% weight loss in
the region of 340–450◦C. Exothermicity was observed in the tem-
perature region of 275–450◦C. These patterns bring out that the
appreciable proportions of DFB and FPGO, or their decomposition
products remain available in condensed phase during decomposi-
tion/deflagration of AP propellants.

Activation energies of first- and second-stage decomposi-
tion of DFB and FPGO as determined by dynamic TG were
102 ± 10 kJ/mol and 373± 8 kJ/mol and 117 ± 10 kJ/mol and
455 ± 8 kJ/mol, respectively, suggesting that their mechanism of
decomposition (particularly during first stage), and thereby that
of burning-rate enhancement, might be more or less same. Ma-
jor exothermicity can be associated with the cleavage of ferrocene
structure. FPGO being a part of polymeric chain might be having
pronounced effect in near-surface region as proposed for catalytic
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Table 2 Burning-rate results of propellants based on monomodal
fine (9µ) AP

Burning rates (mm/s) at pressure (MPa)
Ballistic
modifiers (2 parts) 1 1.9 2.9 4.9 6.9 8.8 n

Control 8.1 8.5 10.2 12.3 15.5 16 0.34
nBF 12.8 14 15 17.4 20 22 0.28
DFB 12.7 14.5 16.1 18.4 20.9 22.6 0.26
FPGO 12.5 15.8 16.2 18.8 21.4 22.3 0.26

effect of butacene on burning rate of AP composite propellants by
Doriath.17 The nBF being volatile must be effective in gas phase,
whereas DFB is expected to occupy an intermediate position be-
cause of its higher molecular weight than that of nBF despite being
nonbonded like latter.

It is well reported that propellants incorporating fine AP (particle
size ≤10µ) offer greater oxidizer/fuel (O/F) contact line density
implying shorter diffusion distance during combustion of propellant.
Consequently, reactants can mix completely before appreciable heat
is released above the contact lines leading to high combustion rate.
The role of vapor–surface O/F reactions also increases in case of
propellants incorporating fine oxidizer. The presence of catalyst can
further enhance such reactions. In view of this, burning rates of
monomodal fine AP (9µ)-based propellant containing two parts of
FPGO (over 100 parts of propellant) were also evaluated during
this work. Formulation containing FPGO exhibited burning rates
of the order of 12.5–22.5 mm/s (Table 2) in the pressure range
of 1–8.8 MPa, which are 30–100% higher than those obtained for
corresponding bimodal AP-based composition . Again, the burning-
rate enhancement effect of FPGO was found to be comparable to that
of other ferrocenes derivatives (DFB and nBF). The strand burning
rate of FPGO modified (9µ) AP-based propellant obtained during
this work were found marginally less than that obtained at 7 MPa on
static evaluation of star shaped propellant comprising of (3µ) AP-
82% and Al- 4% with binder 14% containing 80:20 combination of
HTPB and butacene as reported by Doriath.17

Conclusions
This study brings out that the functionalized ferrocenes like fer-

rocene polyglycol oligomer (FPGO) offer a viable liquid ballistic
modifier, which are envisaged to be free from the migration problem
of ferrocenes. FPGO offers propellants having burning rates close
to those of n-butyl ferrocene- and di ferrocenyl-1-butene based sys-
tems. Thermal decomposition patterns of ferrocenes and propellants
based on them bring out that physicochemical nature of ferrocenes
has bearing on the site of action of catalysts during combustion pro-
cess. The basic decomposition processes of DFB and FPGO appear
to be same.
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Dual-Mode Operations
in a Scramjet Combustor
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Introduction

T HE application of airbreathing engines, for example, a scram-
jet, for use with aerospace planes, has been studied. The general

operating region of the scramjet is a flight Mach number of around
6–12. The dual-mode combustion system consisting of the scramjet
mode and the ramjet mode has been studied, in which the scramjet
engine operates even in a lower Mach number regime.1−3 In the
ramjet mode, supersonic air is decelerated and becomes subsonic in
an isolator between the inlet and the combustor. Fuel is injected into
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