ARMY REeseArcH LABORATORY

| nfluence of Pulse Length on Electrothermal
Plasma Jet | mpingement Flow

by Lang-Mann Chang and Stephen L. Howard

]
ARL-TR-4348 December 2007

Approved for public release; distribution is unlimited.



NOTICES
Disclaimers

The findingsin this report are not to be construed as an official Department of the Army position unless
so designated by other authorized documents.

Citation of manufacturer’s or trade names does not constitute an official endorsement or approval of the
use thereof.

Destroy this report when it is no longer needed. Do not return it to the originator.



Army Research Laboratory
Aberdeen Proving Ground, MD 21005-5066

ARL-TR-4348 December 2007

| nfluence of Pulse Length on Electrothermal
Plasma Jet | mpingement Flow

Lang-Mann Chang
American Systems Cor poration

Stephen L. Howard
Weapons and M aterials Resear ch Directorate, ARL

Approved for public release; distribution isunlimited.



REPORT DOCUMENTATION PAGE Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering
and maintaining the data needed, and completing and reviewing the collection information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to
comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
December 2007 Final October 2004—September 2006
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Influence of Pulse Length on Electrothermal Plasma Jet |mpingement Flow

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Lang-Mann Chang’ and Stephen L. Howard 622618.H8000

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

U.S. Army Research Laboratory REPORT NUMBER

ATTN: AMSRD-ARL-WM-BD ARL-TR-4348

Aberdeen Proving Ground, MD 21005-5066

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
* American Systems Corporation, 13990 Parkeast Circle, Chantilly, VA 20151

14. ABSTRACT

An experimental investigation has been performed to gain insight into the flows resulting from a plasma jet impinging on aflat
plate at representative incident angles of 90°, 60°, and 45° in the open air for two plasma pulse lengths (~0.3 and 1.0 ms).
Specifically, the investigation examined the influence of the pulse length on the flow characteristics that may affect the plasma-
propellant interactions occurring in the electrothermal chemical charge system. Comparisons for the two pulse lengths were
made with dataincluding flow pattern, pressure distribution, light intensity, and flow signature on the impingement plate.
Digtinct differences in these data were observed between the two pulse lengths. Overall results showed that although the
plasmawith a shorter pulse length was more powerful, it had a shorter time duration of flow interaction. Therefore, the pulse
length can be akey parameter to be optimized in order to effectively ignite a charge system with a minimum requirement of
electrical energy. Differencesin the results from variable incident angles of jet impingement were also evident.

15. SUBJECT TERMS
eectrothermal plasmajet impingement flow, pulse length, charge ignition, igniter studies, plasma-propellant interaction

17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
16. SECURITY CLASSIFICATION OF: OF ABSTRACT OF PAGES Lang-Mann Chang
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (Include area code)
UNCLASSIFIED | UNCLASSIFIED UNCLASSIFIED UL 26 410-278-6692

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39.18




Contents

List of Figures
1. Introduction
2. Experimental
3. Resultsand Discussion
3L FlOW PaILEINS. ...ceiiiieiieieie ettt sttt bbb bt a et et nrenbenne s
3.1.1 The 90° IMPINQEMENTS .....cccoiieiieeieceecte e s et e et sreesreeresreesneennens
3.1.2 The 60° IMPINQEMENTS ......ccoiieiieeieceecte e st re e ee e e s b e eesreesneennens
3.1.3 The 45° IMPINQEMENTS .....cccoiieiieeee ettt e beeee e e nneennens
3.1.4 Flame Propagation SPEEAS .........cccveeerirrieiieseeieseesteeseesreesseessesseesseeeesseessesnnnns
3.2 Pressure DistribULIONS...........ccciiiiiiiii s
3.2.1 The 90° IMPINGEMENTS .....cccoiierieeieeiene ettt s se e ae b eesreesae e
3.2.2 The 60° IMPINGEMENTS ......ccoiiirieeieriesie et re b eesreenae e
3.2.3 The 45° IMPINGEMENTS ......ccoiiiieeieeie et e e sre e e
3.2.4 Comparison Of Stagnation PrESSUIES...........cceieriirierieeiie e siee e e see e see s
3.3 FIOW SIQNEIUIES.......oiueeieciecieeie et te ettt te et e st e e e sreenseeseesseeseeneesseensennnens
3.4 Light Intensity Of FIOW FIElAS........coooiiiiieie e e

4. Summary and Conclusion
5. References

Distribution List

15

16

19



List of Figures

Figure 1. EXPerimental SELUPD. ......cooeririieieeie ettt sbe et s sre et e nreeneas 2
Figure 2. LOCations Of PreSSUIE POITS.......coiuiiiiiierieeie e siee ettt e e sbe et s sre e esreeneas 3
Figure 3. Electrical outputs—voltage, current, power, and energy: (a) short pulse length and

(o) Ko lgTo N o181 K5 S 1= oo 1 o USSR 4
Figure 4. Plasma jet fIOWS IN OPEN @IT......ccouieiiiieiece ettt re e 4
Figure5. The 90° plasma jet impingement flows. (a) long pulse length and (b) short pulse

=0T |1 o VUSROS 6
Figure 6. The 60° plasma jet impingement flows. (a) long pulse length and (b) short pulse

10T 11 TSP TOPUTPRPRURN 7
Figure 7. The 45° plasma jet impingement flows. (a) long pulse length and (b) short pulse

=001 OSSPSR 9
Figure 8. Plasma front spacial characteristics: (a) visible plasma front locations and (b)

estimated Propagation SPEEUS. .........ccceiieririiree ettt sttt sre et e sreenne e 10
Figure 9. Pressure distributions for 90° impingement flows: (@) long pulse length and (b)

SOt PUISE TENGLN. ...t 10
Figure 10. Pressure distributions for 45° impingement flows. (a) long pulse length and (b)

SNOI PUISE TENGLN. ...t et e st e seesre e teeneesneenseenneas 11
Figure 11. Pressure distribution for 60° impingement flows. (@) long pulse length and (b)

SNOIT PUISE TENGLN. ...t et sb et e sreenaeenee s 11
Figure 12. Stagnation pressure Py fOr all tESES. .......oveeiiriieeeeee e 12
Figure 13. Flow signatures: (a) 90° impingement and (b) 45° impingement. .........cccocevvnereenne. 13
Figure 14. Light intensity COMPAIISON. .....ccueeeerieeiereesieeeeseesteseesreesseeeesseeseesseesseessesseesseensesseeses 14



1. Introduction

The potential benefits of using electrothermal plasmato achieve rapid and reproducible ignition,
aswell asto compensate the temperature sensitivity of propelling charges, have been recognized
for years (1-4). Inthisregard, substantial research activities have been performed on plasma
characteristics (5-9) and plasma-propellant interactions (10-23). Significant progress has been
reported in understanding these areas. Furthermore, researchers have conducted both
experiments and computer modeling to investigate plasma flows in closed chambers packed with
inert or live propellant (24, 25). These studies include flow dynamics as present in actual gun
charge configurations. However, for this novel propulsion technology to be effective, a
fundamental understanding of the jet flow and its controlling parameters needs to be obtained.

Recently, Chang and Howard examined the flow patterns of a plasmajet effused from a capillary
into the open air for two pulse lengths of ~0.3 and 1.0 ms (26). For the two pulse lengths,
profound differences were observed in time duration of jet appearance, flow field width, flow
penetration, and light intensity. Other experiments with a 25-mm closed chamber packed with
disk propellant in a conceptual configuration also showed a strong effect of the pulse length on
the flame propagation in the propellant bed. Most recently, Beyer conducted experiments
involving a30-mm gun (27). The results again showed the effect of the pulse length on the
charge-system ignition delay.

The present work focuses on the flow dynamics resulting from a plasma jet impinging on aflat
plate at variable incident angles (90°, 60°, and 45°) in the open air for the two pulse lengths.
Such impingement flows may occur when the plasma jet enters the propellant bed in acharge
system. Result comparisons are made for the influence of the pulse length.

2. Experimental

Figure 1 is a photograph of the experimental setup for the present studies, which consists of a
plasma generator, ajet impingement plate, and the common mounting plate. The plasma
generator isbasically an erosive plasma capillary composed of a 9.5-mm outside-diameter and
3.2-mm inside-diameter polyethylene tube housed in a stainless steel cylinder. Inside the
polyethylene tube is a 0.1-mm outside-diameter nickel filament, commonly called exploding
wire (an element that initiates the plasma flow). This material has been used extensively for
capillary components in the past (2). The electrodes at the ends of the exploding wire are made
of a 3.2-mm tungsten rod at one end (anode) and an expendabl e steel nozzle, which is threaded



Figure 1. Experimental setup.

into the forward end of the stainless steel cylinder, at the other end (cathode). The nozzle

(3.2 mmin diameter) is also used to hold the polyethylene tube in place and to guide the plasma
flow to the open space. The effective capillary tube length is adjustable, giving alength-to-
diameter ratio of 12 to 22. It has been determined that the ratio of 16 delivers energy efficiently
for the present experimental system. The pulsed power supply used is capable of delivering
energy up to 3 kJ at acharging level of 3 kV.

The impingement plate is made of a 19-mm thick optically clear acrylic plate. Acrylicischosen
to provide an excellent signature of the jet impingement flow on the plate for photography after
firing and to minimize potential interference from the magnetic field created from the plasma on
pressure measurements. Figure 2 indicates locations of the pressure ports for pressure-
distribution measurement in the radial direction, equally spaced (2 cm) from the center of the
impingement area. This center is carefully aligned with the centerline of the nozzle. The
distance Sis the separation of the impingement plate from the nozzle exit along the centerline. It
isset to 25 mm for al tests. The impingement plate can be rotated to give any specific incident
angles of theincoming jet flow.

In all experiments, a Phantom V high-speed digital camera was employed for high-speed
photography of plasmaflow. The camera can record events at a frame rate of up to 64,000
pictures/s. In present studies, aframe rate of 13,000 to 20,000 pictures/s was adequate for
capturing details of the flow field. A neutral-density optical filter was placed in front of the
cameralens to attenuate the plasma light so that details of the flow structure, especially the shock
flow structure, could be better visualized. For pressure measurements, Kistler pressure gages
(Model 211B1) were installed behind the impingement plate.
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Figure 2. Locations of pressure ports.

The voltage and current through the capillary are recorded using Pearson coils. In turn, these
data are used to calcul ate the power and energy output of the capillary.

3. Resultsand Discussion

The short pulse length (~0.3 ms) was produced directly from the existing power supply systemin
the laboratory, while the long one (~1.0 ms) was obtained by adding an inductor to the system.
Figure 3 presents typical measurements of the voltage and current, along with calculated power
and energy output. Although their resulting energy outputs were at about the same level, the
voltage and current were significantly higher for the short pulse system.

Previous visualization studies of a plasma jet flow into still air (see figure 4) revealed the
formation of a barrel shock, anormal shock, and a precursor shock in the flow field (26). While
giving an increased time duration of flow, an increased pulse length resulted in a noticeable
reduction of flow field width and light intensity. However, the flow penetration (distance
traveled) into still air was greater for alonger pulse length.

After gaining afundamental understanding of the free plasma jet flow, the present studies show
the flow characteristics of plasmajetsimpinging on aflat plate at variable incident angles of 90°,
60°, and 45°. Results to be presented and compared include the flow pattern, the pressure
distribution, and the flow signature on the impingement plate resulting from the short and long
pulse lengths.
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Figure 3. Electrical outputs—voltage, current, power, and energy: (a) short pulse length and (b) long pulse length.
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3.1 Flow Patterns

In the test series with the long pulse length, the camera framing rate and the lens aperture were
set at 13,100 frames/s and f/11, respectively. In addition, an optical filter (neutral density

index 1.2) was placed in front of the camera. This setup allowed for visualizing the shock wave
structure within the flow field. For the short pulse length (since the light intensity and the flow
speed were much higher), the previous setup was adjusted to 20,000 frames/s for the framing
rate, f/16 for the lens aperture, and neutral density index 2.1 for the optical filter.

3.1.1 The90° Impingements

Figure 5a exhibits a series of photographs obtained from the high-speed digital camerafor the
evolution of the flow field for the long pulse length. The first visible light appeared at
approximately 0.092 ms after triggering the ignitron. Highly illuminated regions that may
represent high-temperature regions can be identified clearly and immediately in front of the
nozzle, in the Mach disc, and in the impingement areas. The boundaries of the conical barrel
shock are visible. While propagating outward from the stagnation region, the leading part of the
flow tended to separate from the impingement plate and curved up gradually, developing into a
shape that closely resembles a sombrero. The flow separation was attributed to the large
difference in molecular weight between the plasma gas and the ambient air—a classical example
of flow instability occurring at the interface of two fluids with different densitiesin relative
motion.

For the short pulse length, asimilar flow development isillustrated in figure 5b. However, the
light intensity was actually much higher since these images were recorded with a heavier optical
filter and a higher lens aperture setting. The width of the flow field was greater, and the flow
process took place faster. These flow characteristics are well-correlated to the higher power
output indicated in figure 3.

3.1.2 The 60° Impingements

Figure 6a shows the flow-field time histories for the long-pulse plasma jet impinging on the flat
plate at the incident angle of 60°. In thistest arrangement, flow separation commenced almost
from the very beginning, and the leading part of the flow curved up more obviously, developing
into the shape of an ocean surge front. Flow turbulence along the flow stream on the plate
became increasingly apparent along the upper surface of the flow stream at approximately

0.55 ms and then along the central core of the mainstream at alater period of time. Note that the
barrel shock in front of the nozzle remained visible until the last frame of the figure, indicating
that the flow there remained supersonic until the end of the electrical pulse.

Figure 6b shows the flow development in time for the short pulse length. As observed in the test
with the 90° impingement, the flow evolution proceeded much faster compared with the long
pulse length. The flow separation was also more evident. In this case, the distance that the flow
traveled on the plate was relatively shorter.
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3.1.3 The 45° Impingements

Asdisplayed in figure 7a, afairly similar flow process occurred in the 45° impingement as in the
60° impingement for the long pulse length. A close examination, however, reveals differencesin
severa areas. The flame front propagated faster and traveled a greater distance aong the plate at
45°, Meanwhile, the thickness of the mainstream in the direction of the jet incidence increased.
As expected, the flow in the direction opposite to the mainstream became noticeably less.

For the short pulse length, the resulting flow field shown in figure 7b is very similar to the one
for the 60° impingement exhibited in figure 6b. The exception is that the flow traveled a greater
distance on the plate.

3.1.4 Flame Propagation Speeds

Figure 8a shows a plot for locations of the visible plasma fronts along the impingement plate as
measured from the photographic data. Note that in all cases the visible plasma propagated in a
fairly linear fashion during the early flow period. Using these data, the early plasmafront
propagation speeds are estimated and plotted in figure 8b. The result shows that the visible
plasma propagated faster for the short pulse length, and the speed increased with decreasing
incident angle of the jet flow.

3.2 PressureDistributions

3.2.1 The90° Impingements

Figure 9 presents the pressure measurements on the flat plate for both the long and short pulse
lengths, and gives the voltage measurement as a time reference. Difficulties were often
encountered in the measurements because of the presence of magnetic fields and charged
particles coupled with highly transient flow interactions with the impingement plate. The figure
shows that the pressure rises at P, and Py nearly at the sametime. The pressures were expected
to vary in accordance with the distance between the nozzle and the plate, as well as the power
output from the capillary. Oscillations occurred along the entire pressure-time traces. Itis
unsure whether all of the oscillations existed physically or were induced electronically.

A comparison between the two plotsin figure 9 (note that they are plotted in different vertical
scales) reveals an earlier pressure rise and a higher peak pressure for the short pulse. This
behavior is consistent with the data given in figure 10b—a shorter pulse length resulted in a
higher flame propagation speed.

3.2.2 The 60° Impingements

At the 60° incidence, the overall pressure behavior shown in figure 11 is similar to that recorded
in the 90° impingement.
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3.2.3 The 45° Impingements

At the 45° incidence, the overall time traces of the pressure given in figure 10 appear similar to
those shown in figure 11. However, when the incidence angle is further reduced, say to 30°, a
delay in the pressure rising times at locations farther from the stagnation region is expected to
become more apparent.

Figure 10 also presents a set of pressure data measured in the lateral direction (i.e., perpendicular
to the direction of the jet incidence). For the long pulse length, all pressurerisesin the lateral
direction occurred behind times measured in the direction of the jet incidence, implying a
significant flow-speed drop in the lateral direction.

10
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3.2.4 Comparison of Stagnation Pressures

When the pressure P, of all tests are plotted together, figure 12 explicitly shows that the peak
stagnation pressure was higher for the short pulse length and that the pressure decreased with a
decreasing incident angle.

5000

T
‘ Shorﬁ Pulse: ‘

‘ 90-dég ‘ —— 45-deg short pulse
4000 1 —60- o __| eeee 45-deglong pulse | |

45_1:?37 V —— 90-deg short pulse

‘T | e 90-deg long pulse

eeee 60-deg I
77Mn@%LL7 60-deg long pulse L]

3000 - ‘ —— 60-deg short pulse

2000 -+

Pressure (MPa x 5000)

1000 ~

Time (ms)

Figure 12. Stagnation pressure P, for all tests.

3.3 Flow Signatures

Figure 13 exhibits traces of the high-speed flows on the impingement plate. Residue (fine
particles) deposits produced from the erosion of the polyethylene tube in the capillary created the
dark image. Numerous flow streaksin the radial direction are seen around the stagnation region.
The nonuniformity of the streak-distribution appearance and the darkened area represents a
nonuniform distribution of fine particles across the jet flow before arriving at the plate surface.
There exists a bright (clean) area around the stagnation region, created by local high-speed flows.
Furthermore, scorches found on the impingement plate were caused by the moving heavy
particles produced from the exploding wire and the erosion of the steel nozzle sinner surfaceis
through which the plasmawas discharged. These particles could carry a certain amount of
kinetic energy and heat to the impingement plate. Therefore, in an actual charge system, the
particles could contribute significantly to the ignition stimulus required for the charge system.

The stagnation region for the long pulse length was much smaller in comparison, although the
total flow-trace areas on the impingement plate were about the same. The shape of the flow
signature varied with the incident angle (longer and narrower for a smaller incident angle).

12
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Figure 13. Flow signatures. (@) 90° impingement and (b) 45° impingement.

3.4 Light Intensity of Flow Fields

Measuring direct temperature of the flow or the surface of the impingement plate by
thermocoupl es seems improbabl e in such a severe environment involving magnetic effects,
shock wave interactions, and highly transient flows. The following simple measuring methods
can be used to compare the thermal effect between the two pulse lengths of interest.

In this test series, adirect flow-field comparison was made in terms of the flow-field size and the
brightness of the images obtained from the high-speed camera with an identical optical setting of
framing rate, lens aperture, and filter. Figure 14 shows the results for two 90° impingement
flows—one for the long pulse length and the other for the short pulse length. It isclear that for

13
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the short pulse length, the flow field was significantly larger and its light intensity was much
higher. However, the time duration was reduced to one-third of the time duration of the long
pulse length.
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During the same tests, a photodiode, positioned 60 cm away from the stagnation region, was
employed to monitor the light intensity of the flow field. The resulting plot shows that the
maximum light intensity for the short pulse length was approximately 8x that for the long pulse
length. Unlike the images from the camera showing that the visible light faded away at the end
of the pulse length, the light intensity measured by the diode stayed for afew more milliseconds
beyond the pulse length. This discrepancy could be due to the possibility that the diode used
records data in a broader band of electromagnetic spectrum than the digital camera.

Since light emissions from the plasma interact with some propellants at a certain surface depth
(20), stronger emissions resulting from a short pulse length could better promote fast ignition of
acharge. On the other hand, a greater flow penetration into the propellant bed and alonger
duration of flow interaction resulting from alonger pulse length could achieve a more effective
ignition for propellants more easily ignited by convective heat transfer. The relative importance
of these two effects has to be weighed in accordance with the propellant formulation and the
charge configuration. Therefore, it is clear that the pulse length needs to be optimized in order to
best fit a given propelling charge system.

4. Summary and Conclusion

In the present experiments, several interesting and important flow characteristics have been
observed in both normal and oblique plasma jet impingements on aflat plate for two pulse
lengths of approximately 0.3 and 1.0 ms. Result comparisons are made for the influence of the
pulse length.

In al tests, the photographic and pressure data indicated that plasma jet impingement flows were
highly transient and turbulent. A shorter pulse length would result in awider flow field, faster
flow process, higher light intensity, and shorter time duration of flow interaction. Additionaly,
the stagnation region on the impingement plate was larger, and the stagnation pressure was
higher in comparison with those obtained from a longer pulse length.

The incident angle of a plasma jet impinging on aflat plate also plays an important rolein
influencing the flow characteristics. A smaller incident angle resulted in alower stagnation
pressure, but a higher flame propagation speed along the impingement plate. Additionally, it
gave alonger, but narrower, flow coverage area on the impingement plate.

These experimental studies have elucidated many insights into the plasma jet flows and have
shown that the plasma pulse length can have a strong influence on the flow characteristics
(including radiation) and, consequently, on the plasma-propellant interactions. Therefore, the
plasma pulse length should be optimized in order to achieve ahighly effectiveignition of a
propulsion system with a minimum demand of electrical energy.
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