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Introduction

LAME stabilization in solid fuel ramjets is often provided

using a rearward facing step at the grain inlet."~* This
step inlet arrangement results in the formation of three distinct
combustion zones. The products and reactants are rapidly
mixed in the recirculation zone which forms immediately aft
of the rearward facing step. It is desirable from both pressure
loss and fuel loading standpoints that the minimum step height
which is capable of sustaining combustion be used. The flow
reattachment zone generally occurs at a distance between six
and eight step heights.4-¢ However, it moves toward the step
inlet with wall mass addition at a constant inlet mass flux.
The leading edge of the reattachment zone is quasi-stationary
with a fixed inlet step height, regardless of variations in inlet
step velocity, provided that the flow remains turbulent.
Downstream of the flow reattachment zone, along most of
the fuel grain length, a gas-phase diffusion flame is formed
within the highly turbulent boundary layer which develops
over the condensed fuel surface.

In order to achieve ignition, a stable, high-temperature
recirculation zone is required. The rearward-facing step height
must be large enough to form the required recirculation zone
for a given gas velocity in the combustion chamber and a
given fuel composition. There are three major parameters
that affect the ignition limits for a fuel of given composition:
A,lA; (or H/D), A,/A, and T, Increasing values provide
better ignition and flammability characteristics.
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In many combustion systems flammability limits are wider
than ignition limits. This may also be the situation in the Solid
Fuel Ramjet Motor (SFRIJ) since after ignition is established,
the entire fuel surface is providing hot fuel vapor to the com-
bustion process. If this is the case, then perhaps the inlet step
size can be reduced after ignition, or alternate flame-holding
geometries/devices can be employed.

In this investigation, the ignition and flammability char-
acteristics of several types of fuel compositions were studied
under various operating conditions and inlet geometries using
a windowed, two-dimensional motor.

Description of Apparatus

The two-dimensional SFRJ (Fig. 1) incorporated a variable
inlet step height, driven by a variable-speed, reversible, high-
torque ac motor which could position the step during SFRJ
operation. Two viewing windows were used, near the reat-
tachment point and just prior to the aft mixing chamber where
the boundary layer was more developed. Nominal test con-
ditions were G = 13.7-14.3 gm/cm? sec, T; = 510-533 K,
and P, = 8.7-9.5 atm.

Vitiated air with oxygen make-up was used to provide the
required air inlet temperatures. Most high-speed motion pic-
tures were taken at 6000 pps. Two cameras were used. Each
camera had a timing light source which was used to determine
film speed. Another external timing light provided pulses for
cross-reference to the step height and chamber pressure on
the computer based data acquisition system.

Results and Discussion

Motor Operation

In order to minimize the possibility of any transient effects,
the step travel rate was set to 0.9 mm/sec or a net step rate
of 0.48 mm/sec after correcting for an average fuel regression
rate of 0.41 mm/sec. A rate any slower than this sometimes
resulted in the flammability limit not being reached during
the allotted 5 sec burn time. Significantly faster rates would
not permit steady-state operation to result if the step motion
was terminated.

Continuous fuel slabs were not available during the initial
runs. The uneven joints in the fuel slabs downstream of the
inlet step sometimes contributed to the formation of a second
“step.” This step would serve as a flameholder after the de-
creasing inlet step had reached the flammability limits of the
fuel. Combustion would continue in the aft section of the
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Fig. 1 Schematic of two-dimensional solid fuel ramjet motor with
motor-driven inlet step.
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Table 1 Summary of H/D results

FUEL

Ignition limit ~ SFRJ flameout

R45HT + DDI+ Carbon Black (ref.)
95% Ref, 5% CE1,* no carbon black
95% Ref, 5% CE1

90% Ref, 10% CE1

95% Ref, 5% CE2

45% Ref, 50% Zecorez, 5% IDP
34% Ref, 60% Zecorez, 6% IDP

.165-.177 143
175-.183 —
.146-.155 .129-.135
.145-.148 .130-.146
.150-.157 —
.187-.193 .145-.152
.160—.169

.152—-.155

*Combustor enhancer.
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Fig.2 Ignition and flammability limits in the two-dimensional motor.

combustion chamber. This use of smaller recirculation zones
within the high-temperature, fuel-rich boundary layer region
could possibly be used to reduce port-to-injector area ratio
requirements at some expense in nonuniform fuel regression.

Fuel Characteristics

All the fuels displayed similar ignition and flameout char-
acteristics (Fig. 2). The SFRJ was usually ignited very close
to the ignition limits of the given fuel. As the step height was
initially decreased, the chamber pressure would generally de-
crease. The exhaust flame could be seen to diminish in in-
tensity during reduction in step height. During SFRJ opera-
tion with the inlet step at a fixed position, a bright and stable
flame could be observed just aft of the recirculation zone and
in the boundary layer region. The flames were initially steady
as the step height was decreased and then the flame near the
reattachment zone would begin to extinguish and re-ignite in
a oscillatory manner. The size and intensity of the oscillatory
flame would decrease until it disappeared altogether, which
indicated flameout of the recirculation zone. A small pressure
drop generally occurred with the beginning of the oscillatory
flame in the recirculation zone. The pressure drop rate would
then increase and remain fairly constant as the flameout ef-
fects from the recirculation zone proceeded aft through the
boundary layer region. The films from the boundary layer
camera indicated that flameout in this region did not coincide
with the recirculation zone flameout, but rather consistently
occurred approximately 0.35 to 0.50 s later. Flameout in this
region occurred rather abruptly without the slow decay ob-
served in the other region. While the H/D data for various
fuels (see Table 1) indicated SFRIJ flameout limits lower than
the ignition limits, the actual flammability limits were reached

when the recirculation zone flamed out during the first pres-

_ sure drop, close to the ignition limits. It should be noted that

these H/D limits are for the two-dimensional motor and are
not directly applicable to axisymmetric geometries.

At lower operating pressures a more distinct difference
between the ignition and flammability limits may be observed.
Flameout along the fuel surface occurred at a rate between
60 and 90 cm/s, between one and two orders of magnitude
less than the- average port velocity. The velocities were on
the order of the maximum laminar flame speeds (premixed)
for hydrocarbons in air. Typically, HTPB-based fuels have
surface decomposition products with molecular weights be-
tween heptane (C,H,¢) and nonane (CoH,,).” Longer flameout
times were observed for the fuels with'a combustion enhancer,
where the oxidizer enriched surface regions reduced the rate
of chamber pressure decrease and increased fuel resistance
to flame blowoff.

The fuels which contained the most enhancer (5% and 10%),
together with carbon black, displayed the lowest ignition/
flammability limits, or smallest step height requirements (Table
1). However, the fuel with 5% enhancer, but without carbon
black, had among the largest step requirements. It can be
seen that the presence of carbon black improved the ignition/
flammability limits more than the addition of 5% combustion
enhancer. The fuel containing 50% Zecorez exhibited a some-
what different characteristic, showing an initial constant pres-
sure followed by a pressure rise before the pressure decayed.
It should be noted that, although the differences in required
step heights varied only 30% from fuel to fuel, the results of
the tests were very repeatable.

The inclusion of carbon black in the fuel results in the
radiative heat transfer from the flame being absorbed at the
surface, rather than also providing subsurface heating. Not
only are subsurface properties (strength) improved ‘but, ap-
parently, so are the products of surface pyrolysis which de-
pend upon the surface temperature. Strahle et al.® have shown
analytically that flame stabilization in the SFRJ may be very
dependent on small changes in the blowing rate. In addition,
the current results with and without carbon black indicate that
flame stabilization may also be very sensitive to the fuel spe-

cies/kinetics of the near-wall combustion process. Thus, small
changes in fuel composition can be expected to result in dif-
ferent required A,/A; ratios.

Before the ignition limit is reached, decreasing step height
resulted in a decrease in motor pressure for some fuels. This
behavior may also prove beneficial for providing some thrust
modulation/control for the SFRJ. In the present 2-D motor,
a typical reduction of 9% in H/D resulted in an approximately
3.5% reduction in fuel regression rate (assuming HTPB with
an equivalence ratio of 0.8). For cylindrical grains this effect
“can be expected to be significantly greater. For example, Gany
and Netzer® found the sensitivity of burning rate to H/D to
be approximately two to three times greater in a miniature
SFRJ motor. The problem of providing thrust. modulation by
varying inlet step height/geometry is, however, not so simple.
For HTPB type fuels the combustion efficiency increases as
the equivalence ratio decreases below unity, negating some
of the thrust modulation obtainable by decreasing the fuel
regression rate at fixed air flowrate.



848 " J. PROPULSION

Acknowledgment

This investigation was supported by the Naval Weapons
Center, China Lake, California under work request

N6053087WR30009.

References

'Gany, A., and Netzer, D. W., “Fuel Performance Evaluation for
the Solid-Fuel Ramjet,” International Journal of Turbo and Jet En-

gines, Vol. 2, No. 2, 1985, pp. 157-168.

2Chemical Systems Division, United Technologies, “The Pocket

Ramjet Reader,” 1987.

3Milshtein, T., and Netzer, D. W., “Three Dimensional, Primitive-
Variable Model for Solid-Fuel Ramjet Combustion,” Journal of

Spacecraft and Rockets, Vol. 23, No. 1, 1986, pp. 113-117.

“Boaz, L. D., and Netzer, D. W., “An Investigation of the Internal

J. PROPULSION

Ballistics of Solid Fuel Ramjets,” Naval Postgraduate ‘School Rept.
NPS-57-NT73031A, Monterey, CA, March 1973.

*Elands, P. J. M., Korting, P. A. O. G., Dijkstra, F., and Wijchers,
T., “Combustion of Polyethylene in a Solid Fuel Ramjet—A Com-
parison of Computational and Experimental Results,” ATAA-88-3043,
July 1988.

®Netzer, A., and Gany, A., “Burning and Flameholding Charac-
teristics of a Miniature Solid Fuel Ramjet Combustor,” Journal of
Propulsion and Power, Vol. 7, No. 3, 1991, pp. 357-363.

"Metochianakis, M. E., Goodwin, W. V., Katz, U., and Netzer,
D. W., “Combustion Behavior of Solid Fuel Ramjets, Vol. II, Effects
of Fuel Properties and Fuel-Air Mixing on Combustion Efficiency,”
Naval Postgraduate School Report, Monterey, CA, NPS67-81-011,
August 1981. V ’

8Richardson, J., deGroot, W. A., Jagoda, J. J., Walterick, R. E.,
Hubbartt, J. E., and Strahle, W. C., “Solid Fuel Ramjet Simulator
Results: Experiment and Analysis in Cold Flow,” Journal of Pro-
pulsion and Power, Vol. 1, No. 6, 1985, pp. 488-493.

AIAA now has equipment that can convert
_ virtually any disk (3'2-, 5%-, or 8-inch) directly to
type, thus avoiding rekeyboarding and subsequent
introduction of errors.
The following are examples of easily converted
software programs:

» PC or Macintosh TEX and LATEX
= PC or Macintosh Microsoft Word

» PC Wordstar Professional

You can help us in the following way. If your
manuscript was prepared with a word-processing
program, please retain the disk until the review
process has been completed and final revisions
have been incorporated in your paper. Then send
the Associate Editor all of the following:

= Your final version of double-spaced hard copy.

= Original artwork.

. A copy of the revised disk (with software
identified).

Retain the original disk.

If your revised paper is accepted for publication,
the Associate Editor will send the entire package
just described to the AIAA Editorial Department
for copy editing and typesetting.

Attention Journal Authors:
Send Us Your Manuscript Disk

Please note that your paper may be typeset in
the traditional manner if problems arise during
the conversion. A problem may be caused, for
instance, by using a ‘‘program within a pro-
gram”’ (e.g., special mathematical enhancements
to word-processing programs). That potential
problem may be avoided if you specifically identify
the enhancement and the word-processing program.
 In any case you will, as always, receive galley
proofs before publication. They will reflect all
copy and style changes made by the Editorial
Department.

We will send you an AIAA tie or scarf
(your choice) as a ‘‘thank you’’ for cooper-
ating in our disk conversion program.

Just send us a note when you return
your galley proofs to let us know which
you prefer. X

If you have any questions or
need further information on disk
conversion, please telephone
Richard Gaskin, AIAA
Production Manager,
at (202) 646-7496.




