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Abstract. In this work, a single-shot pulsed detonation device for experimental simulation of the PDE combustion
conditions in supersonic and hypersonic flight regimes (M., < 6) is proposed. The combustion device is composed of:
ignition system, detonation tube without obstacles, divergent nozzle and test chamber. A nanosecond spark discharge
has been developed to promote a direct detonation initiation or a DDT in the shortest distance possible. Pulses of
approximately 25, 65 and 80 ns (FHWM) were acquired. Emission and Schlieren images were taken to characterize
the spark discharge. The pulsed detonation device was planned to achieve typical specific impulse (Isp = 200s) for a
single-shot PDE. 1-D calculations were performed to establish the combustion conditions for experimental tests. Flight
conditions between 0 and 20,000 m of altitude fueled with Ho/air and C,H4/air mixtures were calculated within 0.5-1.5
atm range of initial pressure at different equivalence ratios for two nozze area ratios. The nozze exit velocities are
notably higher if mean pressure of PDE cycle (Pyean) IS considered. Assuming mean pressures of PDE cycle,
experimental conditions with Mach number (M,) from 3.0 to 3.7 can be simulated for these explosive mixtures. The
results show PDE flight regimes from transonic to supersonic. However, it is promising to reach higher pressures and
velocities through the ignition system proposed and, consequently hypersonic flight regimes.

Keywords: nanosecond discharge, Thyratron, detonation, PDE, scramjet.
1. INTRODUCTION

Pulsed detonation engines (PDES), in recent dechdegs been developed due to their high potenpiglieation as
an aerospace propulsion system across subsoniersemic and hypersonic flight regimes (Tangilataal, 2005).
There are wide applications for these devices,theitmost promising is the scramjet development i(iat; 2002;
Falepimet al, 2001; Cambieet al, 1995), which will allow easy access to space.

The thermodynamic advantage of detonations in fiainteflagrations processes, which provide highciijoe
impulse in a broad range of Mach number, the rediwcenplexity and the lower operational cost bec®DE&ESs very
attractive (Kailasanath, 2003) and nowadays they arreal possibility as aircraft engines (Flighttzip 2008).
However, reliable and repeatable detonations irstiwetest distance possible are required to actagwectical PDE;
and the key to make this feasible is the detonatiiation (Leeet al, 2005; Zhuko\et al, 2006).

Detonations can be initiated through two differamtys: a slow mode where there is a deflagratiodeimnation
transition (DDT) and a fast mode generated by aguful ignition or a strong shock wave. Sometimégyt are
designated as auto-ignition (or thermal initiatiamd direct ignition, respectively (Marques, 199Biyect initiation of
hydrocarbon propellant detonation demands higheggnamput of kilojoules magnitude (Le&t al, 2000; Zhukov and
Starikovskii, 2006). Deflagrations that auto-progigg are intrinsically instable and accelerate omtisly after
ignition. Under appropriate conditions, they carcederate to high supersonic velocities and abruptnsit to
detonations. However, the reaction zone propagatgsdifferently than those ignited by shock walese, 2008).

Wintenberger and Shepherd (1999) have reporteth#ehanism of intensifying a shock wave by coheesmtrgy
release (SWACER mechanism) as the most effectivihadefor accelerating a deflagration-to-detonatiansition,
through a quasi homogeneous field of radicals aa using a spatially homogeneous discharge ot shwation.
Nanosecond discharge ignition has been shown &ghavhlocity ionization wave with spatial homogegeand small
times of gas excitation, which is dominated by tiems of direct dissociation of the gas and disstda extinction with
great contribution to the pool of active speciemii&ovskii, 2003; Zhukov and Starikowskii, 2006).

In this work, a single-shot pulsed detonation devar experimental simulation of the PDE combustionditions
in supersonic and hypersonic flight regimes,(#16) is proposed. A high-voltage nanosecond spathdirge has been
developed and experimentally characterized with rpromote a direct detonation initiation or a Bnength and
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time of DDT. Unidimensional calculations were performed to dihbthe detonation and flight conditis for
experimental trials.

2. PULSED DETONATION DEVICE
The singleshot pulsed detonation device is composed by atidgrsystem, a detonation tube without obstac
divergent nozzle and a test chami#®ediaphragmwill isolate the explosive mixturaa the detonation tube from oth

devicés parts under vacuum. Both detonation tube ant deamberwill be equipped with optical windov and
piezoelectric pressure sensdfgyure 1 shows a diagram of the de\

Spark Plug

1520 mm

Pressure sensors

36 mm

380 mm

vacuum

Figure 1.Single-shot pulsed detonation device.

The detonation chamber and nozzle dimensiorere planned basedn literature dar (Dryer et al, 2003;
Kailasanath, 2003; Kasahaeh al, 200 Bertranet al, 1998) The device was dimensior for L/D = 42 (tube
length/tube diameter ratio) argl= 0.1€-0.26 (nozzle length/tube length) to achieve typmpaécific impulse (Isf=
200s) for a single-shot PDExpansion ratic (AR = 5.2 and AR = 11.M)ext to the optimal for higspecific impulses
(AR =4.0 and AR =11.0) of PDi&ere appliec

3. IGNITION SYSTEM

An ignition system by discharge of short duratie@mg an automotive spark plug has been deve to accelerate a
DDT or to reach a direct initiatiowithout the need of obstacles inside the tubg,Shchelkin spiral. The obstac
increase gas mixing and produce local inhomogeseftir accelerating the combusy, but this depent on the initial
deflagration velocity and, furthemeducs the specific impulse (Zhukoand Starikovsk, 2006). High-voltage
nanosecond discharge seemtee a good alternative method, since it is aly effective means oproduction of
active speciesvith high spatial homogene in a short time. In this way, sone#cuits for nanosecond discharge w
different spark plugs were testfat PDE ignition purpost.

3.1. High-voltage pulse generator

The high-voltage pulse generatisrsimilar to discharge circuit of GOand N lasers, which are switched by
Thyratron.The basic circuit of discharge consists of a -voltage supply to charge a capacitor of 75 nFsadwitch
(Ceramic Metal Deuteriurfihyratron, HY3003) to drive the short time discheat spark plug and a resistor of 100
that enabled thehanges in the circuit to reach different pulsetis. Figure 2 shows a circuit diagram for nanosec
discharge. Highroltages pulses from three different circuits wenaporally characterized by voltage and current
circuit without L1 and C2; (b) circuit with L1 =uH and C2 = 3.6 nF and (c) saturahteof 175uH and C2 = 3.6 nF
(Fig. 2) through a digital oscilloscope (Yokogavizl, 7480). Energies of 184 J and voltages of -30 kV were
applied at different automotive spark pl (BP5ES and BP5ET from NGK).

30kV ?‘ oo

Cc1 L1

Figure 2. Circuit diagram for nanoseccdischarge.
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3.2. Emission images

Emission images from nanosecond discharge werectddtanith an intensified coupled-charge device (MJC
camera (Cooke instruments, DICAM Pro) for visudlia of the production of active species. The apiimaging
consisted of Nikon fused-silica lens with relatagerture of f/5.6. An interference filter (Mellesi@, F10-310.0-3)
centered at 310 nm (FWHM = 10 nm) was applied toibhdges. It allows properly select the light ennssmainly
from OH radicals (A" — X°IT), O-atoms Ps;, — *D%,, *Pa — “D%)2) and slightly @ molecules (B2, — x°Zy). All
these species can be generated through discharigema-made delay generator was used for time sgnidm of the
ICCD camera and high-voltage pulse of the nanoskabscharge. The delay time of the ICCD camera seisto
acquire images from peak voltage and gate width30ofis and 60 ns were used dependent on deteetipiest. The
sensitivity of the MCP image intensifier was adgasat 80%.

UV emission images of three different high-voltgmese widths of the nanosecond discharge for standad
supplementary gap spark plugs under 1 atm of arewdbtained. High-voltages of 20 and 25 kV wereliadpto
generate the discharge. All images were normal®edalculation code developed in Mathcad softwareilr group
for image processing. Visible images of spark plwgse also taken with a neutral density filter (63.0) to identify
the ground and central electrodes, and help in éngaglysis.

3.3. Schlieren images

The conventional Schlieren measurements were gpbed for visualization of the shock wave appeaeawith
our nanosecond discharge, in a way similar to thasally adopted by our group (Oliveieaal, 2008). Systematic
measurements as for emission images were carriedTba Schlieren system consisted of a xenon flastp, two
parabolic mirrors, a knife edge (razor blade) andil&ra high-speed digital framing camera (Cor&®0). The camera
was set to 200,000 fps for imaging of the nanosgabscharge effect on air. A multichannel time-ged@nerator was
used to synchronize the flash lamp, the high-spaatera and the high-voltage pulse of the nanosedisatiarge. All
images were acquired with a camera delay time 2fukl

4. CALCULATIONS

Unidimensional calculations were carried out to ed®mine the detonation and expansion parameters for
experimental tests in the pulsed detonation dewitd/up = 1.55 dm. Chapman-Jouguet (CJ) ideal detonation
conditions were calculated through CEA/NASA softavaraylor expansion was applied to the detonationyrcts and
the mean pressure of PDE cycle was investigatezk sinis able to simulate more reliable specifipuise. Steady
isentropic flow was assumed for nozzle expansidre Steadily-propagating detonation model consittass regions:
stationary reactants ahead of detonation mixtueggd); the detonation wave between states 1 gnar condition);
the expansion wave behind the detonation (betwegess2 and 3) and the stationary products (s)aféh@ detonation
travels at a constant velocitycpand the peak pressure isd? P-; (Browneet al, 2004). The detonation products in the
state 3 are the nozzle inlet flow to be expand&eh Thoices for expansion to the sonic point (norziet) were made,
Taylor expansion pressuregfRand mean pressure of a PDE cyd®. (The mean pressure was calculated for states 2
and 3, since they are the contributors for cyclesmthrust (Royet al, 2004, Cooper and Shepherd, 2004). Standard
equations of ideal and steady flow for detonatiobes with nozzles were used (Broweteal, 2004, Cooper and
Shepherd, 2004). Table 1 shows the nomenclaturegieations used and physical quantities calculated.

Table 1. Nomenclature for physical quantities.

Nomenclature

AR = nozzle area ratio Px = static pressure in nozzle exit
cc7 CJ sound speed P,(amb.) = ambient pressure

c3 = sound speed in Taylor expansion P, (flight) = flight pressure

¢ = sound speed in nozzle exit g = Pitot pressure

D¢;= CJ detonation velocity T, = initial temperature

Mc;= CJ Mach number Tcy= CJ temperature

M = nominal Mach number T3 = Taylor expansion temperature
Mx = Mach number in nozzle exit T = mean temperature

M., = flight Mach number Tx = temperature in nozzle exit

P, = initial pressure Ux = gases velocity in nozzle exit
Pc;= CJ pressure W(g/mol) = molar weight in detonation
P; = Taylor expansion pressure ® = equivalence ratio

P = mean pressure of PDE cycle y = specific heat ratio
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5. RESULTS
5.1. Discharge experimental characterizatio

5.1.1. High-voltage pulses

High-voltage and current pulses of the nanosecond dige with different circuitsby applying 25 kV to charge tt
capacitor are presented in Fig.T8iey are practicallequals for standard and supplementgp spark plugs

Iy
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Figure 3. Highvoltage and current pulses from different nanoséatischarge circuits by applying 25 kV. Black ¢
gray lines- (a) circuit without L1 and C2; purple and magenta | — (b) circuit with L1 = 2.4uH
and blue and cyan lin— (c) circuit with saturable L1 of 175H.

Peak voltages of 8.5 kV and peak curs of 4.0 and 4.5 kA were registdrfor nanosecond discharge with induc

and peaking capacitor: (b) and (c), respectiveliie¥ea, 10.0 kV and 5.5 kA were fourfdr basic circuit of dischart.

The initial time point of all pulses was placedzato in »>-axis. Pulses widths of 26, 65 ani2 ns for full width at half
maximum (FWHM) were obtainefdr the discharge circuits tes.

5.1.2. Emission images
Figure 4 shows the emission images acquired fdi-voltage pulses of the nanosecond discharge at gphagk

(@)

(b)

Supplementary gap  Pulsex 25 ns (FWHM Pulse~ 65 ns (FWHM  Pulsex~ 80 ns (FWHM
spark plug

Figure 4. Visible and UV emission images from n@&wosid discharge at (a) standard and (b) supplemyegda sparl
plugs under 1 atm of ai25 kV was appliecExposure timef each photograpwas placed on images.
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From emission images it is possilto identify a more intense discharfgg supplementary gap than standard |
plug. Furthermore, they allow the visualization of theosecond discharge shape on the electrodes. Folasthsparl
plug, there are strong luminesceints or high concentration of active species located t@xthe central electro
independent on pulse widthoiFthe other spark pli, the discharge shape is clearly discerniblthe circuit applied or
resultant pulse widthThere is a predominaiproduction of active speciem one of the three ground electrodes
high-voltage pulses with ca. 25 While for pulses with ca. 65 and 80 ns, ttive species are founn all of them.
However, higher concentration anchre homogeneous distribution of ive speciesare observed for high-voltage
pulses of 65 ns. In addition, the radi@charge shape visualized by emission images tikepulses of 65 ns point o
the occurrencef streamer discharges or transient ple (Shiraishiet al, 2009). Voltagesf 20 and 25 kV were applie
in discharge and the same effect was obserThe emission results show the higbltage pulse of 65 ns
supplementary gap spark plygpbably, as the most efficient for ignitic

5.1.3. Schlieren images

Schlieren images from nanosecond discharge foralimtion of shock wave appearance were taken asrsin
Fig. 5.

@)

(b)

Pulse= 80 ns (FWHM
()

Pulsex 25 ns (FWHM Pulsex~ 65 ns (FWHM Pulse= 80 ns (FWHM

Figure 5. Schlieren visualization of the nanoseatisdharge under 1 atm of air shock wave time evolution; sho
wave at different higlvoltage pulses at ( standard and J@ap supplementary spark pl.

Figure 5 (ashows the shock wave time evolution, from wtis evident that a planar shock wave appwithin 5
us after beginning of theanosecondischarge All discharge conditions studied generated shockes, as shown
through the images acquired afteriof camera trigger iFigs. 5(b) and 5(c). However, the shock ws are slightly
inclined in the direction of thground electrode for discharge at standard sparg, pihilethey are perfectly semi-
spherical developedt supplementary gap spark p Instabilities on detonatioman be expected by applying
nanosecond discharge at standard spark due to angled shock wav@&herefore, a nanosecond discharge
supplementary gap spark pliggmore suitableor detonation initiationEnergies above 15 J (20 kV) were enoug
produce a shock wave.

The results from emission and Schlieren imagesatexvgromising ignition system for pulsed detonatsmgines
but experimental tests ought to carry out to via shorten DDT or a direct detonation.

5.2. PDE cycle calculations
Tables 2 and 3 showarameters odetonation cycle and nozzle expansion calculatedH,/air and GH//air

explosive mixtures within 0.%:5 atm range of initial pressuat differentequivalence ratic. Nozzle expansion
calculations for two area ratios were perforr
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Table 2. Detonation cycle and nozzle expansionmaeatars for Hair explosive mixture.

H./air Explosive Mixture T,=298K
CJ Detonation, Taylor Expansion and Mean Pressurefd®DE cycle
aim | @ | am | Tk [Mar| 000 | v | i | g [T i | g | YK
05| 0.6 6.4 24141 448 17040 1p1 9682 2|46 203889.6 4.45| 2262.1
0.5 0.8 7.3 27309 4.6 1853]1 1.7 1034.8 2|77 1236 962.2 5.01 2582.4
0.5 1.0 7.7 28915 480 19535 1.6 1080.6 2|93 52331011.9 5.31 2749.3
0.5 1.2 7.8 2920.0 4.8 20154 106 11164 2|95 22951043.7 5.36| 2773.0
0.5 1.4 7.7 2884.3 4.8D 20562 1.7 1145.0 2190 72491065.5 5.28| 2729.5
1.0 0.6 12.9 2423.4§ 4.44 17075 12 971.8 4{92 92X)3 891.4 8.90 2268.3
1.0 0.8 14.6 27614 4.70 1862|7 1[18 104R.7 5|567523 967.0 10.09( 2606.5
1.0 1.0 15.6 2942.0 483 1968|5 1/16 1091.0 5/92673% 1019.3| 10.75 2792.5
1.0 1.2 15.7 2969.0 4.85 20304 116 112y.5 5/95802% 1051.1| 10.82] 2813.4
1.0 1.4 154 29249 483 2069|2 118 115b.7 5|84162% 1072.0 | 10.64] 2761.3
1.5 0.6 19.4| 24284 4.44 1709|12 1p2 973.6 7138 0204 892.3 13.37| 22714
1.5 0.8 22.0 27779 471 1867|7 118 104y.0 8|368223 969.5 15.18[ 2618.9
1.5 1.0 23.5 2970.4 485 1976|8 1(17 1096.8 8/93853 1023.4 | 16.23] 2816.6
1.5 1.2 23.7 299584 4.87 2038|5 117 113B.7 8/97942p 1055.1 | 16.32] 2835.3
15 | 14| 232| 29464 485 2076/0 1[19 116L.6 879258 10755 | 16.02] 2777.4
Nozzle Expansion
Ps. T3. G3 P. T. C3
P,/ P; | Px/ Ux/ cx/ Px/ Ux / cx / q/
atm | © P, | atm DK gt | mst | M am |5 mst | mst | M| am
AR=5.2

2058.0 650.9] 3.16| 0.13] 1210.9 2147.9] 685.7] 3.13] 0.8
2266.0 743.1f 3.05| 0.16| 1540.§ 2351.6 777.2| 3.03] 0.9
2416.9 802.8| 3.01| 0.18| 1730.4 2499.6 836.0] 2.99| 0.9
2487.7 822.8| 3.02| 0.18| 1723.§ 2574.8 857.7| 3.00 0.9
2526.5 823.2| 3.07] 0.16| 1629.3 2621.1] 860.6] 3.05| 0.9
2054.2 648.5] 3.17| 0.26| 1200.3 2145.7] 683.9] 3.14| 15
2267.0 739.4] 3.07] 0.32| 1524.4 2355.6] 774.6] 3.04| 1.8
2424.5 802.1f 3.02] 0.35| 1729.1] 2510.3 836.4] 3.00 1.9
2492.8 820.1f 3.04| 0.35| 1712.4§ 2583.8 856.4| 3.02| 1.9
2528.7 817.8| 3.09] 0.32| 1606.9 2627.6 856.6| 3.07| 1.8
2053.4 646.8| 3.17| 0.38| 1193.3 2145.8 682.5 3.14| 2.3
2267.1 737.2| 3.08| 0.48| 1514.3 23574 773.0] 3.05| 2.7
2428.6 801.6] 3.03) 0.53| 1727.9 2516.1] 836.6| 3.01] 2.8
2495%.0 818.1] 3.05) 0.52| 1704.4 2588.2 855.2| 3.03] 2.8
2529.3 814.5| 3.11) 0.48| 1592.§ 2630.5 854.1] 3.08] 2.7
AR=11
0.5 | 06| 95.2 0.03 914.1 2208.7 595.8| 3.71] 0.05| 1014.4 2308.1] 627.7| 3.68| 0.4
0.5 | 08| 81.8 0.03 1215. 2446.8 690.4| 3.54| 0.06| 1329. 2542.00 722.0] 3.52| 0.4
0.5 1.0| 79.6 0.04 1397. 2618.8 751.3| 3.49| 0.07| 1515. 2711.2) 782.4] 3.47] 0.5
0.5 1.2 81.3 0.04 1383. 2694.1 768.4| 3.51) 0.07| 1503.3 2791.4 801.0] 3.48] 0.5
0.5 14| 88.6 0.03 12834 2732.3 763.8] 3.58| 0.06| 1402.4 2837.7| 798.4] 3.55| 0.4
1.0 | 0.6] 97.0 0.0% 898.0 220%.8 591.5| 3.73| 0.09| 998.8 2307.p 623.8| 3.70] 0.8
1.0 | 0.8] 83.21 0.07 1192. 244%.0 685.0] 3.57| 0.12| 1308.4 2543.5 717.6] 3.54] 0.9
1.0 1.0| 80.4 0.07 1386. 2624.3 748.9| 3.50| 0.13| 1507.4 2720.1] 781.0] 3.48] 0.9
1.0 1.2 82.6f 0.07 1362. 2696.3 763.7| 3.53| 0.13| 1485.4 2797.7| 797.5 3.51] 0.9
1.0 14| 91.3 0.06 1251. 2731.0 755.9| 3.61| 0.12| 1372.4§ 2841.1] 791.8] 3.59| 0.9
15| 06] 979 0.08 889.9 2204.3 589.4| 3.74[ 0.14] 990.9 2306.4 621.9] 3.71] 1.1
15| 0.8] 84.1 0.10 1178 2443.6 681.9| 3.58| 0.18| 1295.§ 2544.00 715.0] 3.56| 1.4
15 1.0| 80.9 0.11 13794 2627.3 747.4] 3.51| 0.20| 1502.§ 2724.9 780.1] 3.49] 1.4
15 12| 834 0.11 1348. 2696.6 760.6] 3.55| 0.20| 1473.4 2800.4f 795.0] 3.52| 1.4
15 14| 92.8 0.09 1232. 2729.5 751.1] 3.63| 0.17| 1354.4 2842.1] 787.7| 3.61| 1.3

05 | 06| 34.8 0.07 1091.
05 | 0.8 30.§ 0.09 1408.
0.5 1.0| 30.0 0.10 1596.
0.5 12| 30.5 0.10 1586.
0.5 14| 32.3 0.09 1491.
1.0 | 0.6] 34.8 0.14 1079.
1.0 | 0.8] 31.20 0.18 1388.
1.0 1.0| 30.3 0.20 1590.
1.0 12| 309 0.19 1570.
1.0 14| 33.0 0.1 1464.
15| 0.6] 350 0.21 1071.
15| 0.8] 315 0.21 1377.
1.5 1.0] 30.5 0.29 15864
1.5 1.2 31.1] 0.29 1560.
1.5 1.4) 33.4 0.26 1448.

O=T=1T T 0T T O TOTOTTOTO T OTOTRTO

C= R ZAR~ZA R4l

T O T =

OO+
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Table 3. Detonation cycle and nozzle expansionmaters for GH,/air explosive mixture.

C,H/air Explosive Mixture

CJ Detonation, Taylor Expansion and Mean Pressurefd®DE cycle T,=298 K
aim | @ | i | Tk [Mar| 000 | v | m | g [T i | g | YK
05| 0.6 7.1 23943 4.6 1619/6 1p1 9178 2|69 AJ1342.1 4.90| 2241.4
0.5 0.8 8.3 27139 508 1738]9 1.07 964.7 3|14 235398.4 574 2570.0
0.5 1.0 9.1 2873.3 5.24 18100 1.05 996.0 341 291832.4 6.24 | 2731.9
0.5 1.2 9.5 2931.2 5.3 1853]2 1.6 1021.0 3|55 6295 953.6 6.50 2782.0
0.5 1.4 9.6 2910.2 544 18745 1.8 1040.8 3|58 8349 964.4 6.58 2745.8
1.0 0.6 14.2 2403.§ 4.69 1622|]9 1p2 9215 539 5201 843.8 9.82 2247.0
1.0 0.8 16.8 27479 5.06 1748|8 1[17 972.4 6|33 1237 903.4 | 11.56| 2597.4
1.0 1.0 18.4| 29229 5.28 1823|8 1(16 100b.2 6/905226 939.3 12.63| 2775.1
1.0 1.2 19.1 2980.5 541 1867/0 116 103D.9 717862 960.4 | 13.15] 2823.6
1.0 1.4 19.3 29474 547 18855 119 105p.5 7|19132% 970.0 13.24( 2773.7
1.5 0.6 21.4|( 24085 4.70 16245 1p2 9234 8|09 53)1 844.7 14.73| 2249.7
1.5 0.8 25.3 2766.5 5.08 1754|12 1[(18 974.7 9|53 1238 906.1 1741 2612.2
1.5 1.0 27.7 2951.2 531 18316 116 101p4 10.42712( 943.1 19.07( 2799.7
1.5 1.2 289 30079 5.44 1874(6 1J17 1036.6 10.83023| 964.3 19.85( 2846.3
15| 14| 29.0] 2967. 5.49 18912 1[19 1055.8 10.88195 972.9 | 19.92] 2787.7

Nozzle Expansion
Ps. T3. G3 P. T. C3
P,/ P; | Px/ Ux/ cx/ Px/ Ux / cx / q/
atm | © P, | atm DK gt | mst | M am |5 mst | mst | M| am
AR=5.2
05 | 06| 347 0.08 1073.8 1944]2 614/6 316 0.1441192030.8| 648.2] 3.13 0.§
05| 08| 31.1] 0.10 14244 2128/5 698|9 305 (.185P452207.3| 730.3] 3.02 1.Q
05| 1.0| 30.1 0.11 1590.0 2230/{0 741j0 301 (.215D422306.8| 771.8] 2.99 1.1
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5.2.1. Exit velocities

The exhaust gas velocities were calculated thrdtgh(1) and appropriate isentropic relations, agsgroonstany
and product gas molecular weight, hence, the effespecies changes within the expansion was niegledhe inlet
conditions were Taylor expansion PP, and T = Ts) and mean pressure of PDE cycle£P and T =T).

ux=J [2/G-D)RW)T] [1-(P/P) 7] + 52 1)

Figure 6 displays the nozzle exit velocities atfed#dnt equivalence ratios fortdir and GHj/air steadily-
propagating detonations.
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Figure 6. Nozzle exit velocities at different ecalence ratios for Hair and GH,/air detonations.

Applying mean pressures of PDE cycle, as nozz&t gdnditions, result in higher exhaust velocifieilg. 6) and the
Mach numbers are equivalent for botldit (Table 1) and §H,/air (Table 2) explosive mixtures. In consequertle,
flight pressures and Mach numbers_ {Mare significantly higher. In this way, flight cditions with static pressures
(Px) around of 0.05-0.65 atm, velocities (Ux) of03R-2840 m/s and Mach number (Mx) from 3.0 to 3an be
experimentally simulated for a PDE.

5.2.2. Flight pressures and Mach numbers

From experimental static pressures (Px) (Tables® 3), the density of airp] was calculated by Atmospheric
Calculator software from NASA in correspondenttatte and, consequently, the flight pressurggflight) = pUx%/2)
were established. Considering 1.4, the flight Mach numbers were obtained by )
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Flight Mach numbers as a function of flight pregsuand altitudes from 0 to 20,000 m are showngn Fi
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Figure 7. Flight Mach number as a function of ftigihessure and altitude forAdir and GH4/air
detonations at different initial pressures.

The results show supersonic flight regimes usindiv@rgent nozzle with AR = 5.2 (M= 1.7-4.9) and from
transonic to supersonic flight regimes for thosthwiR = 11.0 (M, = 1.1-4.3) between 0 and 20,000 m of altitudeafor
PDE device with these initial pressures. Howeweis promising to reach higher pressures and viédscthrough the
ignition system proposed here, and, consequenpeispnic flight regimes.

6. CONCLUSIONS

A single-shot pulsed detonation device to simuRlE combustion conditions was proposed here. A-hgtage
nanosecond discharge for PDE ignition systems basedischarge of COQand N lasers through a fast Thyratron
switch was developed. Emission images showed higitentration and homogeneous distribution of actpecies,
while Schlieren images revealed the occurrence eofi-spherical shock waves. The results point otgasters
discharge or transient plasma with shock wave prtiaty, which should be a more effective means tovmte shorten
DDT or non-thermal ignition.

From 1-D calculations of the parameters of detomatiycle and nozzle expansion fog/&ir and GH,/air explosive
mixtures, PDE flight conditions with static presssiaround of 0.05-0.65 atm, velocities of ~2030e284s and Mach
number from 3.0 to 3.7 can be experimentally siteglaThe results showed a device across the fliggitmes from
transonic to supersonic. However, it is supposedduieve hypersonic flight regimes through theceffit ignition
system established.
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