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Fig.3 Spike inlet surface pressure distribution (¢ =0 and 5 deg).

ratio (x) of transition end-to-onset boundary-layer-edge
Reynolds number is assumed to be 2.5. It is noted that the
comparison is in reasonably good agreement, within 15%
difference for all the planes (from windward side ¢=0 to
leeward side ¢ = 180).

Figure 3 shows the surface pressure distribution from part
of a spike inlet diffuser which is a spherically blunted cone
with three different isentropic compression sections down-
stream of the cone at different Mach numbers and angles of
attack. For the axisymmetric solutions (o =0 deg), the surface
pressure increased from 19.63 psia in the cone region to 91.60
psia at the end of the compression region, For the angle-of-
attack case in the windward plane (¢ =0 deg), the surface
pressure increased to 137.40 psia at the end of compression.
The inviscid solutions from Marconi and Yaeger® are also
presented and are in very good agreement with the viscous
shock-layer calculations.
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Conclusion

Numerical solutions for the three-dimensional viscous
shock-layer equations for laminar, transitional, and/or
turbulent flows are presented. The present solutions for both
laminar and turbulent flows are in good agreement with
boundary-layer solutions. The results clearly show the higher-
order boundary-layer effects. The heating rate is ap-
proximately 15% lower than the experimental data. It is not
clear why the experimental data are higher than the predic-
tion. Equilibrium real-gas effects do not appear to be the
cause, since the wind-tunnel conditions are essentially perfect
gas.
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Effect of Radial Fins on Base Drag
of an Axisymmetric Body at Low Speeds
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Introduction

T is well known that the total drag of an axisymmetric

blunt based body of revolution, in general, consists of
friction, wave, and base drag. It is the aim of the designer to
eliminate or as far as possible minimize these retarding forces.
Whereas the friction drag is essentially a function of the
wetted area and the local Reynolds number, wave drag and
base drag are strongly dependent on the shape of the vehicle.
It is usually not possible to completely eliminate the base area
on a missile/rocket or any other streamlined vehicle because
of the necessity to accommodate the propulsion system and
other related equipment in the base region. At low speeds, the
base drag forms a major part of the total drag.

The axisymmetric base flow problem at low speeds has been
a subject of study in recent years. References 1-6 represent
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Fig. 1 The experimental model.

some of the experimental investigations of the phenomenon.
The investigation of Merz et al.® has particularly studied, in
detail, the development of the near-wake region of a blunt
based body of revolution. In regard to base flow control with
a view to reduce the base drag, the first experiments were due
to Mair.” These investigations showed that the base drag
could be reduced by mounting a rear disk on the base. Later,
Mair® with boattailed afterbodies, Morel with base cavities®
and base slant,'® and recently Gai and Kapoor'! with a jet
issuing from the base, have achieved reduction in the base
drag. Another interesting work on base flow control has been
reported by Goodyer.'? He introduced certain geometrical
modifications to the base in the form of slits. Surprisingly, the
base drag was increased. Gai and Patil'* have also shown that
devices like slits and trailing-edge serrations,'*!> which are
very effective in reducing the base drag in two-dimensional
flow, are not necessarily effective in the case of three-
dimensional blunt body wakes. In view of these available
data, an experimental investigation was carried out to study
the effect of radial fins on the base drag of an axisymmetric
body.

Experimental Apparatus and Technique

The basic model used for tests is shown in Fig. 1. In
ellipsoidal nosed axisymmetric blunt based model of fineness
ratio 6, incorporating different base modifications was used
for the experiments. The model, supported rigidly by a strut,
was mounted on one of the side walls of the test section in
such a way that the model was at the center of the tunnel at
zero incidence. In addition to the blunt base, five different
base configurations of radial fins were used and are shown in
Fig. 2. Configurations a and b have two splitter plates per-
pendicular to each other of lengths equal to the base diameter
and haif of the base diameter, respectively. Configurations ¢
and d have four radial fins, which are 25 mm in breadth and
have lengths equal to the base diameter and half of the base
diameter, respectively. Configuration e has eight radial fins of
25 mm breadth and length equal to the base diameter. All
radial fins are S mm in thickness. All configurations were
provided with 24 pressure taps, 12 each, equally spaced on
two circles of radii 15 and 31 mm.

This experimental investigation was conducted in an open-
circuit low-speed wind tunnel with a closed working section of
a square cross section of 610x610 mm, at a freestream
velocity of 25 m/s. The Reynolds number based on the free-
stream conditions and the base diameter was 1.24x10°.
Corrections for solid and wake blockage were considered and
these were estimated to be about 0.5% for solid blockage and
1.37% for wake blockage. Since these corrections were
considered quite small, no corrections for blockage have been
made in presenting the results. Throughout, the pressure
measurements were made using a projection manometer
which has an accuracy of +0.1 mm of alcohol. This gives an
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Fig. 2 Different base geometries.
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Fig.3 Base pressures on the base with two splitter plates.
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Fig.5 Velocity distribution along near-wake centerline.

overall accuracy of +0.003 in pressure coefficient. A special
probe!? was used to locate the reattachment point (rear
stagnation point) in the recirculation zone behind the base.

The reference pressure for normalizing the base pressure
has been taken at two diameters ahead of the base.'?

Results and Discussion

The effect of radial fins on the base pressure is shown in
Figs. 3 and 4. It is observed that the base pressures are not
uniform. The pressures are somewhat higher in the range of
180 deg <6 <300 deg. This could not be due to the strut effect,
as the strut location corresponds to § =90 deg. Similar types
of nonuniform pressure distribution have also been observed
by Mair and Wilkin.'® They have surmised that such a
nonuniformity is always found whenever the axisymmetric
body is at very small yaw (usually <0.75 deg). It is interesting
to observe that the radial fins do affect the radial pressure
distribution on the base. The pressures are lower on the outer
radii and are higher on the inner radii. This is just contrary to
what has been observed on the blunt base. This observation
suggests that the radial fins affect the basic flowfield behind
the axisymmetric bodies. The lengths of the radial fins are
seen to be important as far as base drag reduction is con-
cerned. The base pressures on the radial fins are increased
when the length of the fins is increased from D/2 to D. The
overall base drag is decreased appreciably. When the central
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Table 1 Comparison of effectiveness of various radial fins
on the base drag of axisymmetric bodies

Reduction of base drag
with reference to

Type of base Cop the blunt base, %
Blunt base —-0.103 —
Splitter plates, 1 =D —0.088 14.6
Splitter plates, 1 =D/2 —0.093 9.7
Four radial fins, 1 =D —-0.074 28.2
Four radial fins, 1 =D/2 -0.013 0
Eight radial fins, 1 =D -0.072 30.0

portion of radial fins is removed, the results show that the
base drag is further decreased. There is no appreciable effect
of number of fins on the base drag as is evident from the
results, when the number of fins is increased from 4 to 8. The
comparison of the effectiveness of various radial fins is shown
in Table 1. The mean value of base pressure coefficient, in
each case, has been calculated by taking into account the
pressure acting on the base as well as on the fins and their
respective areas.

Figure 5 shows the velocity distribution along the near-
wake centerline. It is clear from the figure that a closed bubble
with a recirculation zone is formed behind the base for all
radial fins. The maximum negative velocity in the bubble is
around 35% of freestream velocity and is in agreement with
the data of Merz et al.® for blunt bases. It should be noted
that the location of the rear stagnation point is almost the
same for all the models tested. This was found to be about 1.2
times the base diameter downstream from the base. The
negative velocities were found to be decreased in the presence
of radial fins, depending upon their size and shape. The
reduction in negative velocities is associated with the
corresponding reduction of base drag of various models
tested.

Conclusions

The following are the major conclusions of the present
study:

1) With radial fins, the base pressures are higher on the
inner portion and lower on the outer portion of the base.

2) Length of the radial fin is important. When fin length
was increased to the base diameter, the base drag was
decreased appreciably.

3) The negative velocities are decreased in the recirculation
zone when radial fins are introduced to the base.

4) The location of rear stagnation point was found to be
almost the same for all the radial fins.
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Thermal Decomposition Kinetics
of Polybutadiene Binders
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Introduction

HE thermal decomposition of polymeric fuel binders

plays an important role in the combustion of solid
propellants. !> Thermogravimetry (TG) has been extensively
used for the determination of the thermal decomposition
kinetics of polymers.? The kinetic parameters (energy of
activation, E, and preexponential factor, A) calculated from
TG curves are affected, in certain cases, by procedural factors
like heating rate and sample mass.* The effect of heating rate
on the pyrolysis of binders has been described.’ It is,
therefore, necessary to establish the effect of the procedural
factors on £ and A4 of the binder decomposition, for any
meaningful correlation of the kinetic parameters with
propellant combustion. Carboxy! and hydroxyl terminated
polybutadienes (CTPB and HTPB) are used as binders for
modern solid propellants. In this investigation, we have at-
tempted to study the effect of the procedural factors, the
functional groups, and the method of polymerization on the
kinetics of their thermal decomposition.

Experimental
Samples

Three CTPB and two HTPB resins, obtained from different
sources and prepared by different methods (free radical and
anionic polymerization), were used in the study and their
details are shown in Table 1.

Received Dec. 16, 1980; revision received July 21, 1981. Copyright
© American Institute of Aeronautics and Astronautics, Inc., 1981.
All rights reserved.

*Head, Analytical and Spectroscopy Division, Propellants, and
Chemicals Group.

+Scientist, Analytical and Spectroscopy Division, Propellants, and
Chemicals Group.

VOL. 19,NO. 1

Table 1 Details of resins used in the study

Method of
Code Type of resin  preparation Source
ISRO-CTPB CTPB Free radical VSSC, India
HC-434 CTPB Free radical Thiokol, U.S.A.
Butarez CTL CTPB Anionic Phillips, U.S.A.
ISRO-HTPB HTPB Freeradical  VSSC, India
Butarez HTS HTPB Anionic Phillips, U.S.A.

TG Experiments

The TG experiments were carried out with DuPont 990
Thermal Analyzer in an atmosphere of dry nitrogen purged at
a flow rate of 50 cm? min ~!. Seven heating rates (1, 2, 5, 10,
20, 50, and 100°C min ~!) at a constant sample mass (5 0.1
mg) and seven sample masses (1, 2.5, 5, 7.5, 10, 15, and 20
mg) at a constant heating rate (10°C min ~!) were employed.
Since heating rate has a more pronounced effect on the kinetic
parameters,* the TG curves of all five samples were taken at
the seven heating rates. The effect of sample mass was studied
only for HC-434.

Results and Discussion

The kinetic parameters were calculated using three well-
known integral equations*:
1) Coats-Redfern equation

(s )=les 0] a7

2) MacCallum-Tanner equation

— _ I—n
log<1 (l—a)

AE
> =log <~> —0.483 E04%
I—n oR

(0.4494+0.217E) x 103
T

3) Horowitz-Metzger equation

I—(l-a)!-" ART? E E9
en( >:en< )-—- — +
I—n oF RT,  RT?

[where g(a) =(1—~(1—a)’~") /(1 —n), «=fraction decom-
posed, n=order parameter, T=temperature (K), ¢=
heating rate, R=gas constant, 7, =DTG peak temperature,
and0=T-T,].

The order parameter was evaluated with the Coats-Redfern
equation. Using a computer, linear plots of tn(g(x)/7T?) vs
1/T were drawn by the method of least squares for different
values of n in the range 0 to 2 and the order parameter was
obtained from the value of » which gave the best fit. It was
found to be zero in all the cases. With this value of »n and
using each of the three kinetic equations, £ and A were
calculated for all the TG curves and the correlation coefficient
was also determined in each case.

Tables 2-6 give the values of E, A, and r, calculated using
the three equations, for the thermal decomposition of the five
resins at different heating rates. Table 7 gives the
corresponding values of HC-434 for different sample masses.



