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Abstract

The microwave dielectric properties of liquid propellant (LP) XM46 were determined at room
temperature from 2 to 20 GHz using a dielectric probe technique. The dielectric constant
(permittivity) of LP was determined in support of possible studies of the feasibility of using
microwave energy to preheat LP for more consistent electric ignition in regenerative liquid
propellant guns (RLPG). The dielectric properties would also be important in future investigations
of the possible development of a safer and more environmentally friendly (over current energetic
material-based primers) microwave energy-based LP ignition technique for conventional solid
propellants. A surrogate liquid with similar dielectric properties was also developed using water,
denatured alcohol, and potassium nitrite (KNO,), which is not caustic or reactive (like LP) and can
be more safely employed in feasibility studies of the use of microwaves in preheating or ignition of
LP. Thisreport details the dielectric probe technique for measuring the dielectric constants of liquids
such as XM46 LP and the development of the surrogate liquid with matching dielectric properties
for use in microwave heating/ignition research and development.
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1. Introduction

U.S. Army researchers and contractors have been exploring the properties and the utilization of
a class of materials called liquid propellants (LP) for many years (Irish 1976; Bunte, Vanderhoff, and
Donmoyer 1985; Decker et al. 1987; Freedman 1988). They offer the possibility of longer range
artillery with faster reloading and lower vulnerability than conventional powder and solid
propellants. The U.S. Army Research Laboratory (ARL)" Weapons and Materials Research
Directorate (WMRD) has played a key role in the Army’s program to develop a 155-mm
regenerative liquid propellant gun (RLPG). The basic concept, design, and testing of an electrical
initiator for an RLPG can be found in several ARL-WMRD researche reports and papers (DeSpirito,
Knapton, and Reeves 1989; DeSpirito, Reeves, and Knapton 1991; DeSpirito and Knapton 1991;
Reeves, DeSpirito, and Knapton 1994). Reeves, DeSpirito, and Knapton (1994) investigated the
effect of temperature on the electrical ignition of LP. They found that, by keeping the electrical
configuration constant, the LP would not ignite in some cases of low (=20° C) and high (40° C and
above) temperature extremes. This effect could pose many difficulties in the effort to develop an
RLPG suitable for the Army’s needs as these temperatures may be experienced in extreme conditions
for towed howitzers or if an environmental systems failure occurs in the self-propelled

(Paladin/Crusader)-type howitzer.

Vong, Bossoli, and Buffler (1995) have been researching the use of microwaves for preheating
stick propellant in tank ammunition in order to increase range and consistency of performance under
adverse (low and variable) temperature conditions. By heating the solid propellant to a fixed
temperature (say 50° C), an up to 10% increase in velocity with a resultant 5% increase in
performance may be achieved (Vong et al. 1996). Microwaves could also be exploited to quickly
preheat LP to a standard temperature in order to ensure that the electrical ignition would be reliable
and repeatable. LPs are also being investigated for use in several other Army applications, in addition
to being a replacement for conventional powder and stick propellants. One possible use is in a

detonator role for conventional propellants. An LP-based initiator may offer a safer and improved

* In 1992, the U.S. Army Ballistic Research Laboratory (BRL) reorganized and subsequently became part of ARL.
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means of detonating standard propellant charges employed with tank or artillery projectiles. One
technique of igniting LP being examined is via lasers (Beyer and Reeves 1997) instead of electrical
detonation. Microwaves may also offer the possibility of quickly héating the LP charge to its
ignition point in a way that is very reproducible and that could render it insensitive to the temperature
of its surroundings. The feasibility of utilizing microwave energy to either preheat or ignite LP is
controlled by many factors—one of the most important being its dielectric properties. The
interaction characteristics such as absorption and reflection of electromagnetic (EM) radiation are

governed by the dielectric properties of a material and its surroundings.

The caustic nature and reactive properties of XM46 can be avoided in initial testing of
microwave heating by employing a more benign surrogate. This report details measurement of the
dielectric constant of XM46 LP and the development of a surrogate liquid for testing microwave
properties such as heating and ignition of LP-like materials. The LP XM46 is a mixture of three
liquids. It is 60.8% hydroxyl ammonium nitrate (HAN), 19.2% triethanol ammonium nitrate
(TEAN), and 20% water. The density of XM46 is 1.43 g/cm®, and its electrical cdnductivity is
0.076 ohm™'-cm™" at room temperature (25° C) (Decker et al. 1987). The large conductivity changes
with temperature are evident in results from the investigation by Reeves, DeSpirito, and Knapton
(1994), where the initial resistance across the electrode gap in the initiator was found to vary from
about 20 ohm at -20° C to 1 ohm above 40° C.

2. Experiment and Theory

2.1 Meaning of Dielectric Constant (Permittivity). The interaction between EM fields and
matter is characterized by a substance permittivity and permeability. In our situation, the materials
involved do not possess any magnetic characteristics; hence, their relative permeability (relative to
free space p,) is equal to 1. Therefore, we will only be concerned with our materials relative
permittivity, which is equivalent to its dielectric constant. Permittivity is a complex number whose
real part represents the ability to store energy and the lossless interaction of the EM field within
matter and how the wave behaves at interfaces between different types of materials. Any dissipation
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of energy within the material from the EM fields is accounted for in the imaginary part of the
permittivity. As stated previously, the dielectric constant is equivalent to relative permittivity, the

ratio of a materials permittivity to that of free space, i.e.,
€' =€le, =€’ - je’, ¢))
where
€, is the complex relative permittivity,
€, is the permittivity of free space = 8.85 x 10" F/m,
€.’ is the storage term, and
€," is the loss term.

2.2 Need for Measurement of the Dielectric Constant. An example of one of the aspects of
an EM wave interaction with matter that depends on its dielectric constant is reflection at a surface.
Two adjacent materials of differing dielectric constant (e.g., air and a solid surface) can be thought
of as an impedance mismatch, and part of the EM wave’s energy will be reflected and the rest will
be transmitted into the material. Once inside the material, the wavelength and velocity of the EM
wave will also be a function of the dielectric constant. If the material displays an imaginary
component of the dielectric constant (has loss), there will be attenuation of the EM field magnitude
as a function of distance. The energy lost is transferred to the material and usually manifests itself
as heat. The imaginary part of the dielectric constant of a material is therefore one of the important
factors that will govern the amount of heating that will occur when it is exposed to microwaves

inside a cavity or heating chamber.

For a given electric field strength of an EM wave, the power absorbed per unit volume into a

material is proportional to €,” and the wave’s frequency f (Hz) (Von Hippel 1966):
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P, =nfe” |E|*(Watt-m™), )
where
|E| is the absolute value of the electric field.
Another important EM interaction aspect governed by the dielectric constant is the penetration depth

of the waves into the material due to attenuation of the EM waves. The attenuation constant ¢ is
(Von Hippel 1966; Blackam, David, and Engelder 1991):

o = T/A \/e_r’ tand for tand < 1,
o« =7 (ffc) €, tand,
and v
« = 10.5f /e tand (m ™), A3)
where
f is the frequency in GHz and

tand is the loss tangent = € "/€_".

The attenuation of the power (Py) of an incident EM wave as it travels through the material is a
function of distance (d) and decays exponentially:

P(d) = P, e, (@

This relationship will be useful in the determination of the optimum design of the microwave
injectors and cavity, along with the power necessary to achieve the desired temperatures of the

surrogate test material/LP or for achieving ignition of the LP.




2.3 Coaxial Probe Method for Measuring the Dielectric Constant of Materials. The coaxial
probe technique consists of placing a specially designed cutoff section of transmission line against
a flat surface of a solid material or immersing it into a liquid. The coaxial probe is machined out of
inconel (for temperature stability) and glass as the insulating material on termination of the coax line
for high temperature and use with caustic chemicals. The EM fields of the probe end fringe into the
material (see Figure 1) and the reflected microwave signal (S,,) is measured by a microwave network
analyzer. A close-up picture of the microwave network analyzer and the dielectric probe is shown
in the Figure 2. The probe measures 1.9 cm in diameter at its base, the center of which contains the
0.45-cm diameter glass insulated end of coaxial transmission line. A computer program utilizes the
microwave reflectance data to calculate €,” over a broad (0.2-20 GHz) frequency range with the
permeability (p,") assumed to be equal to 1 (i.e., nonmagnetic samples). The coaxial probe and
software used in the dielectric measurements presented in this report are sold by Hewlett Packard
Corporation (HP) (HP 85070B dielectric probe kit) and employed with an HP 8510B network

analyzer with the computer program running on an HP series 382 basic workstation controller.

Figure 1. Coaxial Probe Method for Measuring the Dielectric Constant.




Figure 2. Picture of the Dielectric Probe and Microwave Network Analyzer.

Some of the advantages of the éoaxial probe technique for measuring dielectric constant are that
it is simple to administer, requiring only a flat surface for a solid material or immersion into a liquid
or semiliquid. It is mostly not destructive to a sample and works over a broad band compared to
other techniques. For solids, the samples must have a flat measuring surface at least 1 cm diameter
and thickness of (Hewlett Packard Corporation 1993)

tin > 20/(€,")'” (mm), ®

typically 1 cm in thickness or greater. The HP 85070B dielectric probe allows for sample
measurements from -40 to +200° C. The major drawback to this method is that it has limited
accuracy for measuring €_* (+ 5% at best) and has limited resolution on low-loss samples. Accuracy
in tand is £ 0.05, with the minimum recommended tand of 0.05 for values of €' > 5 (Hewlett
Packard Corporation 1993). The probe and network analyzer measures the reflection parameters,
which are used in the computer program to calculate the dielectric constant. Sources of error in this

procedure come from noise and residual systematic errors not handled by the calibration procedure




discussed in the next section. The larger “dielectric errors” come from the probe model accuracy
(3-5%) and uncertainty of the dielectric characterization of the calibration (reference) standards

(such as water).

The simple admittance model for the probe as explained in the operating manual for the probe
(Hewlett Packard Corporation 1993) is shown in Figure 3. The coaxial probe can be modeled by a
circuit whose total admittance is composed of a pure capacitance (Ca), which can be related to €,
and, a conductance (Co), which is related to €,”. An additional term (G,-conductance) represents
radiation losses of the probe configuration (which become larger at high frequencies) and is a major
element in limiting the sensitivity in determining €,” using this method.

Y, JI- JoCae™:

~
P

¥y

mCo% G,

Real [¢.*] Imag [¢."] Radiation

Figure 3. Circuit Model for the Dielectric Probe.

2.4 Calibration and Errors in Dielectric Probe Measurements. As stated previously, an
accurate measurement of a sample’s reflection parameter with the probe is necessary to calculate its .
dielectric constant. In performing the reflection measurement, calibration of the probe using three
well-known standards allows for the removal of the systematic errors of directivity, tracking, and
source match. In network analysis, these systematic errors are introduced in the measurement

equipment. Directivity errors refer to the leakage from reflections from unwanted paths (i.e., wrong




direction) in the internal directional couplers in the system test set. The tracking or frequency
response errors are due to slight differences in the phase and magnitude of the signals in the
reference and test channels as a function of frequency. Finally, source match errors result from
differences in impedance along the measurement paths (mismatches) due to connectors, cables, and
the probe, which result in unwanted reflections. The three known standards typically employed for
calibration are air, a short circuit, and deionized water. Using these standards (applied at the probe
surface during calibration) and an error model, taking into account what the network analyzer system
should measure for each standard, the dielectric probe computer program sets up the network
analyzer such that these systematic errors are removed from the measured data. Other errors that
cannot be corrected and can cause inaccuracy in the measurements are flexing of the cable
connecting the probe to the network analyzer and temperature changes in the cable (not stabilized
as a function of time). The flatness of the measurement surface on solid materials can also lead to
significant errors if there are any minute gaps between the probe and the sample. In measurements
of the liquids reported here, this error is not present. The sample must also appear to be “infinite”

to the probe with the minimum thickness given by the previous equation.

As stated earlier, one of the drawbacks of the coaxial probe technique is its limited accuracy,
especially for low-loss materials. The best resolution of tand is + 0.05. The probe’s precision
worsens at lower frequencies; for our 2-3-GHz frequency range of interest for microwave heating,
the best accuracy in €,’ is approximately 10% for a dielectric constant of 5 and + 7% for a dielectric
constant around 20 (Hewlett Packard Corporation 1993). This does not include any inaccuracies
caused by incomplete contact between the probe and the sample surface and those caused by cable
instability (movement and thermal).

As seen in the following sections, the dielectric probe provided measurement of the complex
dielectric constant for an XM46 LP sample and helped guide the design of a surrogate liquid material
for possible utilization in the testing of microwave-heating cavities and ignition chambers for

LP-type materials.




3. Results and Discussion

3.1 Dielectric Properties of XM46. Figure 4 shows the real and imaginary parts of the
dielectric constant of XM46 from 2 to 20 GHz. The large 1/f dependence of the slope of the €,"
curve (Figure 4b) is characteristic of materials where ionic conductivity is present (Hewlett Packard
Corporation 1992). Ionic conductivity is usually the main mechanism for the large losses in the
liquids at lower frequencies. Ionic conductivity however contributes only to losses (i.e., the
imaginary part of the dielectric constant). The fairly large value of the real part of the dielectric
constant (€,") (Figure 4a) is probably due to water a component (20%) of XM46 LP. Pure distilled
water has a dipolar loss mechanism that has a characteristic resonant (or relaxation) frequency in the
microwave region (Hewlett Packard Corporation 1992). Figures 5a and b show the real and
imaginary parts of the dielectric constant for pure distilled water. The loss mechanisms giving rise
to a large €,” in this case are rotation and alignment of the water molecules dipole moment to the
electric field of the microwaves. In Figure 5b, €,.” is seen to slowly increase with the microwave
frequency with a peak corresponding to a relaxation frequency just above 20 GHz. Above this
frequency, €,” begins to fall off, as the electric field oscillation is too fast for the water dipoles to
keep up with and, hence, the loss decreases. - This polarization effect in water also leads to a large
real part of the dielectric constant (€,"), which, as shown in Figure 5a, is much larger than that of
XM46. In order to construct a surrogate liquid with the same dielectric properties as XM46, a good
starting point would be to utilize water as one of the components (like LP XM46). Other
components will be looked at to safely add some ionic conductivity to water to increase the loss term
or imaginary part of the dielectric constant. Comparing Figures 4a and 5a shows that the real part
of the dielectric constant of XM46 is lower by about a factor of 2 than that of distilled water over
the 2~-20-GHz range. Other components are needed to reduce the real part of the dielectric constant
of distilled water in the range of XM46 LP.

3.2 Dielectric Properties of Surrogate Solutions. Ethyl alcohol is another dipolar liquid, but
with real and imaginary parts of the dielectric constant smaller than water over the 2-20-GHz
frequency range (see Figure 6). A mixture of distilled water and ethanol (denatured) should be able
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Figure 4. Real and Imaginary Parts of the Dielectric Constant of XM46 LP.
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to come close to reproducing the real part 6f the dielectric constant. Figure 7 shows the real and
imaginary parts of the dielectric constant measured with the dielectric probe for a 65/35 (100 cm’)
mixture of denatured alcohol and distilled water. It also shows the effect of adding an ionic
conducting component salt (NaCl) to the mixture. All samples were prepared and measured at room
temperature (~23° C), and a magnetic stirrer was used to mix in the ionic salt component. The
addition of salt to the mixture is seen to greatly increase €,” but only slightly change €, causing it
to drop slightly. However the increase in the imaginary part (loss) of the dielectric constant is not
large enough be comparable to that of XM46 for the 12 g of NaCl in the 100 cm’ of the mixture. The
12 g of NaCl was over the maximum soluble amount (i.e., not all of the salt was dissolved into the

solution).

Another ionic material that would be more soluble in water and ethanol needed to be found.
Potassium nitrite (KNO,) is an ionic salt with a much higher solubility (281 g/100 cm’ water) than
NaCl (35.7 g/100 cm® water) and was added to a 65/35 solution (100 cm®) of ethanol and distilled
water. Figure 8 shows the real and imaginary dielectric constant of the solution with 0, 10, and 28 g
of KNO, added. Comparing the results with Figure 4 for XM46, the real and imaginary parts of the
solution with 28 g of KNO, come close but are still slightly smaller. In addition, with this larger
amount of KNO,, €,” has fallen below 35, the XM46 value at 2 GHz. A different starting solution
of ethanol and distilled water was tried next (larger percentage of water) to compensate for this

effect.

A 50750 solution (100 cm®) of ethanol and distilled water was prepared, and 25-, 28-, and 30-g
amounts of KNO, were added and measured with the dielectric probe. The results, along with the
pure solution (no KNO, ), are shown in Figure 9. The mixture with 30 g of KNO, in the 50/50 cm’
ethanol-water mixture comes very close to matching the dielectric properties (€,’ and €,") of the
XM46 LP. The dielectric probe data for XM46 and 30 g of KNO, in the 50/50 mixture of water and
alcohol are displayed together in Figure 10. The imaginary part of the dielectric constant
(Figure 10b) of the ethanol-water-KNO, solution has an excellent match to XM46 LP over the whole
2-20-GHz frequency range. The data for € " in Figure 10a show that the surrogate mixture comes

13
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close to matching the XM46 in the standard operating range (2-3 GHz) for microwave ovens and
generators utilized in heating liquids and drying moist materials. If a different operating frequency
for the microwave heating is employed, a slightly different ratio of the three components could be

made to match €, for XM46 or other types of LPs with similar chemical compositions.

4. Conclusions

The dielectric properties of XM46 LP have been investigated over the 2-20-GHz microwave
frequency range. LP exhibits high real and imaginary parts of the dielectric constant due to its
conductive and dipolar liquid properties. This will make microwave penetration (coupling into) and
even heating of the material difficult but doable in a properly constructed cavity. The microwaves
will efficiently heat the liquid due to its high loss factor (€,”). This high absorption factor also
increases the feasibility of obtaining ignition of LP via high power microwaves.

A less volatile and caustic dielectric surrogate for XM46 LP has been concocted and matches €
very well over the 2-20-GHz frequency band. The real part of the dielectric constant (€,) of the
surrogate LP closely matches XM46 in the important 2-3-GHz regime, where microwave-heating
and -drying equipment usually operate. This surrogate liquid can be employed for safe initial testing

of the designs for any microwave-heating chamber for LP or microwave-based LP ignition device.

18




5. References

Beyer, R. A., and G. P. Reeves. “Laser Ignition of Liquid Propellant XM46: Ignition of Larger
Volumes.” ARL-TR-1292, U.S. Army Research Laboratory, Aberdeen Proving Ground, MD,
January 1997.

Blackham, D., F. David, and D. Engelder. “High Frequency Dielectric Materials Measurements.”
RF and Microwave Measurements Symposium, p. 65, Hewlett Packard Corporation, 1991.

Bunte, S. W., J. A. Vanderhoff, and P. M. Donmoyer. “Electrical Conductivity Measurements on
Hydroxlammonium Nitrate, LGP 1845, and LGP 1846.” Proceedings of the 22nd JANNAF
Combustion Meeting, CPIA Publication 432, vol. IT, pp. 195-202, October 1985.

Decker, M. M., N. Klein, E. Freedman, C. S. Leveritt, and J. Q. Wojciechowski. “HAN-Based
Liquid Gun Propellants: Physical Properties.” BRL-TR-2964, U.S. Army Ballistic Research
Laboratory, Aberdeen Proving Ground, MD, November 1987.

DeSpirito, J., and J. D. Knapton. “Electrical Ignition of Liquid Propellant for Use in Guns.” Journal
of Combustion Science and Technology, vol. 76, pp. 251-263, 1991.

DeSpirito, J., J. D. Knapton, and G. P. Reeves. “Electrical Ignition of LGP 1846 in a Two-Stage
Igniter.” BRL-MR-3748, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground,
MD, April 1989.

DeSpirito, J., G. P. Reeves, and J. D. Knapton. “Two-Stage Igniter Test Results: Electrical Ignition
of LGP 1846.” BRL-TR-3229, U.S. Army Ballistic Research Laboratory, Aberdeen Proving
Ground, MD, April 1991.

Freedman, E. “Thermodynamic Properties of Military Gun Propellants.” Gun Propulsion
Technology, L. Stiefel (editor), Progress in Astronautics and Aeronautics, vol. 109,
pp. 103-132, American Institute for Astronautics and Aeronautics, 1988.

Hewlett Packard Corporation. “Basics of Measuring the Dielectric Properties of Materials.”
HP Application Note 1217-1, Palo Alto, CA, pp. 6-9, 1992.

Hewlett Packard Corporation. “Operating Manual for HP 85070B Dielectric Probe.” Palo Alto, CA,
1993.

Irish, C. G. “Modeling Formative Phase of Liquid Propellant Spark Ignition Systems; Theoretical

Predictions of Thermal and Electrical Behavior.” NOS-TR-452, Naval Ordnance Station,
Indian Head, MD, October 1976.

19




Reeves, G. P., J. DeSpirito, and J. D. Knapton. “Electrical Ignition of XM46: Effects of
Environmental Temperature Conditioning.” ARL-TR-602, U.S. Army Research Laboratory,
Aberdeen Proving Ground, MD, October 1994.

Von Hippel, R. A. (editor). Dielectric Materials and Applications. Pp. 9-13, MIT Press,
Cambridge, MA, 1966.

Vong, T. T., R. B. Bossoli, and C. R. Buffler. “Surrogate Non-Energetic JA2 Propellant.”
ARL-TR-775, U.S. Army Research Laboratory, Aberdeen Proving Ground, MD, June 1995.

Vong, T. T., S. L. Howard, L. M. Chang, E. P. Scannell, R. Tan, and S. L. Kaplan. “Microwave
Heating of Propellant: A Feasibility Study of a Conceptual Approach to Ballistic Improvement
of Tank Ammunition.” ARL-TR-1244, U.S. Army Research Laboratory, Aberdeen Proving
Ground, MD, December 1996.

20




o

NO. OF

COPIES ORGANIZATION

2

DEFENSE TECHNICAL
INFORMATION CENTER
DTIC DDA

8725 JOHN J KINGMAN RD
STE 0944

FT BELVOIR VA 22060-6218

HQDA

DAMO FDQ

DENNIS SCHMIDT

400 ARMY PENTAGON
WASHINGTON DC 20310-0460

OSb
OUSD(A&T)/ODDDR&E(R)
RJTREW

THE PENTAGON
WASHINGTON DC 20301-7100

DPTY CG FOR RDE HQ

US ARMY MATCOM

AMCRD

MG BEAUCHAMP

5001 EISENHOWER AVE
ALEXANDRIA VA 22333-0001

INST FOR ADVNCD TCHNLGY
THE UNIV OF TEXAS AT AUSTIN
PO BOX 202797

AUSTIN TX 78720-2797

DARPA

B KASPAR

3701 N FAIRFAX DR
ARLINGTON VA 22203-1714

NAVAL SURFACE WARFARE CTR
CODE B07 J PENNELLA

17320 DAHLGREN RD

BLDG 1470 RM 1101

DAHLGREN VA 22448-5100

US MILITARY ACADEMY

MATH SCI CTR OF EXCELLENCE
DEPT OF MATHEMATICAL SCI
MAJM D PHILLIPS

THAYER HALL

WEST POINT NY 10996-1786

21

NO. OF

COPIES ORGANIZATION

1

'DIRECTOR

US ARMY RESEARCH LAB
AMSRL D

JWLYONS

2800 POWDER MILL RD
ADELPHI MD 20783-1145

DIRECTOR

US ARMY RESEARCHLAB
AMSRL DD

JJROCCHIO

2800 POWDER MILL RD
ADELPHI MD 20783-1145

DIRECTOR
US ARMY RESEARCH LAB
AMSRL CS AS (RECORDS MGMT)
2800 POWDER MILL RD

ADELPHI MD 20783-1145

DIRECTOR

US ARMY RESEARCH LAB
AMSRL CILL

2800 POWDER MILL RD
ADELPHI MD 20783-1145

ABERDEEN PROVING GROUND

DIR USARL
AMSRL CILP (305)




NO. OF

COPIES ORGANIZATION

2

NO. OF
COPIES ORGANIZATION

DIR USARL 2
AMSRL CP CA D SNIDER

AMSRL SE L D WOODBURY

2800 POWDER MILL ROAD

ADELPHI MD 20783-1145

CDR USARDEC

AMSTA AR FSE T GORA
PICATINNY ARSENAL NJ
07806-5000

CDR USARDEC

AMSTA ARTD

JHEDDERICH

V LINDNER

C SPINELLI

PICATINNY ARSENAL NJ

07806-5000 3

US ARMY TACOM

AMSTA JSK

S GOODMAN

JFLORENCE

AMSTATRD

B RAJU

L HINOJOSA 9
D OSTBERG

WARREN MI 48397-5000

PM SADARM

SFAE GCSS SD

COL B ELLIS

M DEVINE

W DEMASSI
JPRITCHARD

S HROWNAK
PICATINNY ARSENAL NJ
07806-5000

CDR USARDEC 1
AMSTA AR CCH S MUSALLI

PICATINNY ARSENAL NJ

07806-5000

CDR USARDEC

AMSTA AR CCHV E FENNELL
PICATINNY ARSENAL NJ
07806-5000

22

CDR USARDEC

AMSTA AR

PICATINNY ARSENAL NJ
07806-5000

CDR USARDEC

AMSTA ARCCHPJLUTZ
PICATINNY ARSENAL NJ
07806-5000

CDR USARDEC

AMSTA ARM

D DEMELLA

F DIORIO

PICATINNY ARSENAL NIJ
07806-5000

CDR USARDEC

AMSTA ARFSA

A WARNASH

B MACHAK

C CHIEFA

PICATINNY ARSENAL NJ
07806-5000

DIR

BENET LABORATORIES
AMSTA AR CCB
JKEANE

JBATTAGLIA

J VASILAKIS

G FFIAR

V MONTVORI

J WRZOCHALSKI

R HASENBEIN

G D ANDREN

AMSTA AR CCB R S SOPOK
WATERVLIET NY 12189

CDR
SMCWV QAE Q B VANINA

BLDG 44 WATERVLIET ARSENAL
WATERVLIET NY 12189-4050

CDR

SMCWYV SPM T MCCLOSKEY
BLDG 253 WATERVLIET ARSENAL
WATERVLIET NY 12189-4050




O

NO. OF

COPIES ORGANIZATION

1

CDR

WATERVLIET ARSENAL
SMCWV QA QS K INSCO
WATERVLIET NY 12189-4050

CDR USARDEC

PRODUCTION BASE MODERN ACTY
AMSMCPBM K

PICATINNY ARSENAL NJ
07806-5000

CDR

US ARMY BELVOIR RD&E CTR
STRBE JBC

FT BELVOIR VA 22060-5606

CDR USARDEC

AMSTA ARFSP G

M SCHIKSNIS

D CARLUCCI
PICATINNY ARSENAL NJ
07806-5000

CDR

US ARMY AVIATION AND
MISSILE CMD

AMSMI RD W MCCORKLE
AMSMI RD ST P DOYLE

AMSMI RD ST CN T VANDIVER
REDSTONE ARSENAL AL
35898-5247

US ARMY RESEARCH OFFICE

A CROWSON

PO BOX 12211

RESEARCH TRIANGLE PARK NC
27709-2211

US ARMY RESEARCH OFFICE
ENGINEERING SCIENCES DIV

R SINGLETON

G ANDERSON

PO BOX 12211

RESEARCH TRIANGLE PARK NC
27709-2211

23

NO. OF
COPIES ORGANIZATION

3 PM TMAS
SFAE GSSC TMA
COL PAWLICKI
K KIMKER
E KOPACZ
PICATINNY ARSENAL NJ
07806-5000

1 PM TMAS
SFAE GSSC TMA SMD R KOWALSKI
PICATINNY ARSENAL NJ
07806-5000

2 FIRE SUPPORT ARMAMENTS CTR
STEVE FLOROFF
MAJ D SKALSKY
BLDG 61 NORTH
PICATINNY ARSENAL NJ
07806-5000

2 PEO FIELD ARTILLERY SYSTEMS
SFAE FAS PM
H GOLDMAN
T MCWILLIAMS
PICATINNY ARSENAL NJ
07806-5000

2 PM CRUSADER
G DELCOCO
J SHIELDS
PICATINNY ARSENAL NJ
07806-5000

1 US ARMY TACOM
SIORI XC F DEARBORN
ROCK ISLAND ARSENAL IL
61299-6000

1 CDR XVII ABN CORPS ARTY
BG MILLER
FT BRAGG NC 28307-5000

2 NASA LANGLEY RESEARCH CTR
MS 266
AMSRL VS
W ELBER
FBARTLETT JR
HAMPTON VA 23681-0001




NO. OF

COPIES ORGANIZATION

1

NSWC

DAHLGREN DIV
CODE G06
DAHLGREN VA 22448

OFFICE OF NAVAL RESEARCH
MECH DIV CODE 1132SM

Y RAJAPAKSE

ARLINGTON VA 22217

NSWC

R HUBBARD G33-C
JHFRANCIS G30
DAHLGREN DIV
DAHLGREN VA 22448-5000

OFFICE OF NAVAL RES
JKELLY

800 NORTH QUINCEY ST
ARLINGTON VA 22217-5000

DAVID TAYLOR RESEARCH CTR
R ROCKWELL

W PHYILLAIER

BETHESDA MD 20054-5000

EXPEDITIONARY WARFARE
DIV N85

F SHOUP

2000 NAVY PENTAGON
WASHINGTON DC 20350-2000

OFFICE OF NAVAL RESEARCH
D SIEGEL 351

800 N QUINCY ST
ARLINGTON VA 22217-5660

CDR NAVAL SEA SYSTEMS CMD
D LIESE

2531 JEFFERSON DAVIS HWY
ARLINGTON VA 22242-5160

NSWC

ME LACY CODE B02
TECH LIBRARY CODE 323
17320 DAHLGREN RD
DAHLGREN VA 22448

NO. OF

COPIES ORGANIZATION

1

MARINE CORPS SYS CMD

PM GROUND WPNS

COL R OWEN

2083 BARNETT AVE SUITE 315
QUANTICO VA 22134-5000

LANL

JREPPA

MS F668

PO BOX 1633

LOS ALAMOS NM 87545

PACIFIC NORTHWEST LABORATORY
M SMITH

PO BOX 999

RICHLAND WA 99352

AAI CORPORATION

T G STASTNY

PO BOX 126

HUNT VALLEY MD 21030-0126

SAIC

D DAKIN

2200 POWELL ST STE 1090
EMERYVILLE CA 94608

SAIC

M PALMER

1710 GOODRIDGE DR
MCILEAN VA 22102

SAIC

J GLISH

3800 W 80TH ST SUITE 1910
BLOOMINGTON MN 55431

SAIC

R ACEBAL

1225 JOHNSON FERRY RD STE 100
MARIETTA GA 30068

SAIC

G CHRYSSOMALLIS

3800 W 80TH STREET

STE 1090
BLOOMINGTON MN 55431




NO. OF
COPIES

———

2

ORGANIZATION

ALLIANT TECHSYSTEMS INC
C CANDLAND

R BECKER

600 2ND ST NE

HOPKINS MN 55343-8367

CUSTOM ANALYTICAL ENGR
SYSINC

A ALEXANDER

13000 TENSOR LANE NE
FLINTSTONE MD 21530

NOESIS INC

ALLEN BOUTZ

1110 N GLEBE RD STE 250
ARLINGTON VA 22201-4795

GEN CORP AEROJET

D PILLASCH

T COULTER

CFLYNN

D RUBAREZUL

M GREINER

1100 WHOLLYVALE ST
AZUSA CA 91702-0296

GENERAL DYNAMICS
LAND SYSTEMS DIVISION
D BARTLE

PO BOX 1901

WARREN MI 48090

INSTITUTE FOR ADVANCED TECH

T KIEHNE

HFAIR

P SULLIVAN

W REINECKE
IMCNAB

4030 2 W BRAKER LN
AUSTIN TX 78759

D ROSE

IOT RESEARCH CENTER
201 MILL ST

ROME NY 13440-6916

25

NO. OF

COPIES ORGANIZATION

1

CDR USARDEC

T SACHAR

INDUSTRIAL ECOLOGY CTR
BLDG 172

PICATINNY ARSENAL NJ
07806-5000

CDR USA ATCOM

AVIATION APPLIED TACH DIR
JSCHUCK

FT EUSTIS VA 23604-1104

CDR USARDEC

AMSTA AR SRE D YEE
PICATINNY ARSENAL NJ
07806-5000

INTERFEROMETRICS INC
RLARRIVA

8150 LEESBURG PIKE
VIENNA VA 22100

PM ADVANCED CONCEPTS
LORAL VOUGHT SYSTEMS
JTAYLOR

PO BOX 650003

MS WT 21

DALLAS TX 76265-0003

LORAL VOUGHT SYSTEMS
G JACKSON

K COOK

1701 W MARSHALL DR
GRAND PRAIRIE TX 75051

BRIGS CO

JBACKOFEN

2668 PETERBOROUGH ST
HERDON VA 22071-2443

SOUTHWEST RESEARCH
INSTITUTES

JRIEGEL

ENGR AND MATERIAL
SCIENCES DIV

6220 CULEBRA RD

PO DRAWER 28510

SAN ANTONIO TX 78228-0510




NO. OF NO. OF
COPIES ORGANIZATION COPIES ORGANIZATION

1 R EICHELBERGER ABERDEEN PROVING GROUND
409 W CATHERINE ST
BEL AIR MD 21014-3613 72 DIR USARL
AMSRL CIH
1 LLNL C NIETUBICZ 394
M MURPHY AMSRL WM B
PO BOX 808 L 282 A HORST 390A
LIVERMORE CA 94550 AMSRL WM BA
WD AMICO 120
2 MARTIN MARIETTA CORP AMSRL WM BB
PDEWAR T VONG 120
L SPONAR AMSRL WM BC
230 EAST GODDARD BLVD P PLOSTINS 390
KING OF PRUSSIA PA 19406 D LYON 390
JNEWILL 390
2 OLIN CORP S WILKERSON 390
FLINCHBAUGH DIV AMSRL WM BD
E STEINER R FIFER 390
B STEWART B FORCH 390A
PO BOX 127 R PESCE-RODRIGUEZ 390
RED LION PA 17356 B RICE 390A
e M MCQUAID 390
1 OLIN CORP P REEVES 390
L WHITMORE AMSRL WM BE
10101 9TH ST NORTH G KELLER 390
ST PETERSBURG FL 33702 C LEVERITT 390
D KOOKER 390A
1 SPARTA INC J DESPIRITO 390
JGLATZ S HOWARD 390
9455 TOWNE CTR DR G KATULKA 390
SAN DIEGO CA 92121-1964 G WREN 390
AMSRL WM BP
2 UDLP E SCHMIDT 390A
PPARA AMSRL WM M
G THOMAS D VIECHNICKI 4600
1107 COLEMAN AVE BOX 367 G HAGNAUER 4600
SAN JOSE CA 95103 JTMCCAULEY 4600
AMSRL WM MA
1 OAK RIDGE NATIONAL LABORATORY R SHUFORD 4600
R M DAVIS S MCKNIGHT 4600
PO BOX 2008 AMSRL WM MB
OAK RIDGE TN 37831-6195 W DRYSDALE 4600
B BURNS 4600
3 UDLP L BURTON 4600
4800 EAST RIVER RD J BENDER 4600
P JANKE MS170 T BLANAS 4600
T GIOVANETTI MS236 T BOGETTI 4600
B VAN WYK MS389 R BOSSOLI 120 (5 CPS)
MINNEAPOLIS MN 55421-1498 J CONNORS 4600

S CORNELISON 120




NO. OF
COPIES ORGANIZATION

AMSRL WM MB (CONTINUED

P DEHMER 4600

R DOOLEY 4600

B FINK 4600

G GAZONAS 4600

D GRANVILLE 4600

S GHIORSE 4600

D HOPKINS 4600

C HOPPEL 4600

D HENRY 4600

R KASTE 4600

R KLINGER 4600

M LEADORE 4600

R LIEB 4600

E RIGAS 4600

D SPAGNUOLO 4600

W SPURGEON 4600

J TZENG 4600

A ABRAHAMIAN

M BERMAN

A FRYDMAN

TLI

W MCINTOSH

E SZYMANSKI
AMSRL WM MC

T HYNES 4600
AMSRL WM MD

W ROY 4600
AMSRLWMT

W MORRISON 309
AMSRL WM TE

A NIILER 120

G THOMSON 120

P BERNING 120

M MCNEIR 120

27




NO. OF

COPIES ORGANIZATION

3

DRA FORT HALSTEAD

P N JONES

D SCOTT

M HINTON

SEVENOAKS KENT TN 147B0
UNITED KINGDOM

VALCARTIER

DEFENSE RESEARCH ESTAB
FLESAGE

PO BOX 8800

COURCELETTE QUEBEC COA
IRO CANADA

ROYAL MILITARY COLLEGE OF
SCIENCE SHRIVENHAM

D BULMAN

B LAWTON

SWINDON WLTS SN6 8LA
UNITED KINGDOM

SWISS FEDERAL ARMAMENTS WKS
W LANZ ,
ALLMENDSTRASSE 86

3602 THUN

SWITZERLAND

ECOLE ROYAL MILITAIRE

E HELENS

AVE DE LA RENAISSANCE 30
1040 BRUXELLE

BELGIQUE

DEF RES ESTABLISHMENT
VALCARITER

A DUPUIS

2459 BOULEVARD PIE XI NORTH
VALCARTIER QUEBEC

CANADA

PO BOX 8800 COURCELETTE
GOA IRO QUEBEC CANADA

INSTITUTE FRANCO ALLEMAND DE
RECHERCHES DE SAINT LOUIS

DE MARC GIRAUD

5 RUE DU GENERAL CASSAGNOU
BOITE POSTALE 34

F 68301 SAINT LOUIS CEDEX
FRANCE

28

NO. OF
COPIES ORGANIZATION

1 ERNST MACH INSTITUT EMI
DIR
HAUPSTRASSE 18
79576 WEIL AM RHEIN
GERMANY




2. REPORT
October 1998

1. AGENCY USE ONLY (Leave blank)

Form A ed
REPORT DOCUMENTATION PAGE OME No, 0704-0135
Public reporting burden for this of is to ge 1 hour per Including the time for Q data
gathering and maintaining the data needed, and p and g of Information. Send garding this burden or any other aspect of this
" lon of . ' ‘ sugg Shor Io | : s, low gy iy ' ! for Op v m\. 1215 Jetterson

on Prolect(0704-0188), Wa 2050
3. REPORT TYPE AND DATES COVERED
Final, May - October 1996

ot ————— A ———————
4. TITLE AND SUBTITLE

Microwave Dielectric Properties of XM46 and a Surrogate Liquid Propellant

5. FUNDING NUMBERS

] 6. AUTHOR(S)

Robert B. Bossoli

PR: 1L161102AH43

e —————————————————————————————
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

U.S. Army Research Laboratory
ATTN: AMSRL-WM-MB
Aberdeen Proving Ground, MD 21005-5066

8. PERFORMING ORGANIZATION
REPORT NUMBER

ARL-TR-1829

e —————————————————————————————————
9. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES)

10.SPONSORING/MONITORING
AGENCY REPORT NUMBER

e —————
11. SUPPLEMENTARY NOTES

e ——————————————————
12a. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited.

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

heating/ignition research and development.

The microwave dielectric properties of liquid propellant (LP) XM46 were determined at room temperature from 2 to
20 GHz using a dielectric probe technique. The dielectric constant (permittivity) of LP was determined in support of
possible studies of the feasibility of using microwave energy to preheat LP for more consistent electric ignition in
regenerative liquid propellant guns (RLPG). The dielectric properties would also be important in future investigations
of the possible development of a safer and more environmentally friendly (over current energetic material-based primers)
microwave energy-based LP ignition technique for conventional solid propellants. A surrogate liquid with similar
dielectric properties was also developed using water, denatured alcohol, and potassium nitrite (KNO,), which is not
caustic or reactive (like LP) and can be more safely employed in feasibility studies of the use of microwaves in preheating
or ignition of LP. This report details the dielectric probe technique for measuring the dielectric constants of liquids such
as XM46 LP and the development of the surrogate liquid with matching dielectric properties for use in microwave

. 14. SUBJECT TERMS 15. NUMBER OF PAGES
dielectric constant, permittivity, dielectric probe, liquid propellant, LP, XM46, surrogate 34

LP, microwaves, microwave heating, ignition

16. PRICE CODE

e ———————— e
17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
"NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
29 Prescribed by ANSI Std. 239-18  298-102




INTENTIONALLY LEFT BLANK.

30




USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your comments/answers
to the items/questions below will aid us in our efforts.

1. ARL Report Number/Author. ARL-TR-1829 (Bossoli) Date of Report _ October 1998

2. Date Report Received

3. Does this report satisfy aneed? (Comment on purpose, related project, or other area of interest for which the report will
be used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source of ideas, etc.)

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved, operating costs
avoided, or efficiencies achieved, etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future reports? (Indicate changes to organization,
technical content, format, etc.)

Organization

CURRENT Name E-mail Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address above and the Old
or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, tape closed, and mail.)
(DO NOT STAPLE)




DEPARTMENT OF THE ARMY ” I || |

OFRACIAL BUSINESS

BUSINESS REPLY MAIL

FIRST CLASS PERMIT NO 0001,APG,MD

POSTAGE WILL BE PAID BY ADDRESSEE

DIRECTOR

US ARMY RESEARCH LABORATORY

ATTN AMSRL WM MB

ABERDEEN PROVING GROUND MD 21005-5069

NO POSTAGE
NECESSARY
IF MAILED
IN THE
UNITED STATES




