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1 Introduction

Annular and dual slotted linear nozzles with theeinal deflector are considered as perspective for
realization a pulsing, including the detonationimegy of fuels combustion [1]. The study of pressure
pulsation signals are topical to determinationdbpendence the spectral composition of pulsatim f
geometric nozzles parameters and the flow conditionthem in order to govern by frequency of a
process. Also of interest is clarification the dmgof influence of gas pressure pulsations in lihe bn

the thrust characteristics of these nozzles. Thpelparesents the results of computational and
experimental study of dependences of frequencyoaniflations amplitude of flow parameters in annula
and dual slotted linear nozzles from the conditiamshe inlet and the outlet of the nozzle and its
geometry. Experiments with annular nozzles weredaoted in a pulsed aerodynamic setup using as the
working gas the combustion products of acetylenengiture. Calculations were made on the basisef t
Navier-Stokes equations for multicomponent reactggseous medium using a single-temperature
chemical nonequilibrium model including all mairogucts of the combustion of a stoichiometric migtur
of acetylene in air. As a result of investigatibe tlependences frequencies and oscillations amgditaf

the flow parameters in annular and equivalent ¢ms flual slotted linear nozzles from the governing
parameters were established. We dealt with diffepeessures at the inlet and exit of nozzles, fie
sizes of the critical cross-section and differeantkters of the annular nozzle. Presented the cisopa
results of computational and measured spectral ositipn of quasi-periodic pulsating signal of press

on the thrust wall of the annular nozzle obtaingdhe discrete Fourier transform on the time irgé®/5

to 2.5 ms. The calculation predicted the existafapiasi-periodic pulsating regimes of gas flovaidual
slotted linear nozzle and defined the spectral amsitipn of pressure pulsations on the thrust wadl the
thrust force developed by the such nozzle.

2 The gas-phase Model and the Method of Calculation

To describe the gas flow were used the Navier-Stadguations for multi component reactive gas
medium. It was assumed that the nozzle thrust cairfa chemically neutral, has a predetermined
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temperature and that flow is laminar. Numericalugoh of equations obtained by the finite volume
method on structured curvilinear grid, the cells hnilt by the intersection of two sets of discreteves.
Detailed description of the gas-phase model anddhmilating methods was given in [2].

The calculations were performed for the flow regimcluding:

- deflector;

- dual slotted linear or annular nozzle with caticross-section height

- exhaust conical nozzle with a half-angle 45° ahghgth of 15 mm;

- sufficiently large area of expansion .

Thrust wall deflector of annular nozzle has thepshaf a spherical segment of radius R, height H and
base diameter d. Thrust wall deflector of dualtetblinear nozzle has the shape of a cylindricgihsant

of radius R, height H and length L. Nozzle lengtlslchosen so that the area of the critical seaifdthe
nozzle coincides with the area of the critical mecof the respective annular nozzle.

The calculations are performed on the grid with hemof nodes 200x186.The nodes were condensed
near the surface thrust wall. The computational alamboundaries and the nodes distribution of
computation mesh for the base case of the modelaeehown in Figure 1.
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Figure 1 Figure 2

It was assumed that the insufflation of the acetyleombustion products through the critical sectibn
the nozzle occurs with the sound spékstht specified constant pressure and temperatustaghatiorP,
and To. The expiration from the device through a conieakzle occurs in air gaseous medium with
pressuréPe and temperaturée=300 K. In the calculations were varied conditianshe inlet and outlet of
the nozzle and the size of the device.

3 An annular Nozzle and Aerodynamic Installation

Experimental researches of model of the annulazlapschematically represented in Figure 2, were
performed in a pulsed aerodynamic setup. Its adstadlescription was given in [3, 4]. The investigate
model was mounted in the setup on the adapter thethi@ bursting diaphragm, separating the high
pressure chamber of setup - reactor (with burnetylsme-air mixture) from subsonic nozzle cavitheT
subsonic cavity produced immediately behind thepliagm a cylindrical channel with a diameter of
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50 mm, marked with 1 in Figure 2, via which gas wgagplied. A conical fairing was on the axis of
cylindrical channel downstream. It provided thenfation the annular flow, marked with 2 in Figurea®,
the entrance of the annular nozzle from the cylgadrstream coming out of the reactor setup. Therou
and inner diameters of the annular channel weraldgld and 100 mm respectively.

Then in the smoothly narrowed annular channelfithe made a 90-degree turn in the direction of the
axis and through the annular critical section wsthe of 4.4 mm parallel to the axis (designated by
numeral 3 in Figure 2) was blown radial in a sehlosed cavity of the annular nozzle formed by the
deflector in the form of a spherical segment. titger surface corresponded the thrust wall, wasated

by numeral 4 in Figure 2 and structurally desigasda piston having an axial freedom of movement. It
was limited by the elastic deformation of a semsitlement attached to a strain gauge force traesdu
that measures the thrust force developed by theleozodel during the tests. The increasing of pmess

in the reactor resulted in rupture of the diaphramymd the inflow of combustion products in the inlet
channel through which the gas was supplied to theece of the annular nozzle. Through the exhaust
conical nozzle, indicated by numeral 5 in Figural® outflow gas was occurred in the receiver pre-
pumped to the forevacuum pressure. The directioth@fexpiry of the exhaust jet in the receiver was
indicated number 6 in Figure 2. In the investigatgimes the blowing time was at least 50 ms.

In the process the experiment the changing of &gwas controlled with high-frequency piezoelectric
and strain gauge pressure sensors installed aideevall at various points in a flow channel. Theust,
developed by the nozzle, was measured by a steaigeyforce sensor. Signals were recorded by the
oscilloscope. The specified set of measured pasmetlowed to spend comparison of measured values
of pressure and thrust with the corresponding ¢atled values.

4 Results of Calculations and Experiments

In the calculations were varied conditions at thletiand outlet of the nozzle and the sizes ofdéndce.
Variants considered are shown in Tables 1 and &8.pErameters for the variant 1.1 were considered as
basic, they correspond to the experiment conditidriee start-up of the device, initially filled with
stationary air with pressuree, temperaturele, occurred suddenly that led to the generatiomtdrise
non-stationary gas dynamic processes and a signifiocrease in pressure. In all variants of catiomh

the starting perturbation caused the appearancenddmped quasiperiodic pulsations with different
frequency and amplitude.

Table 1: Annular nozzle

Variant | Py, atm | To, K | Pe,atm | R mm | H,mm | d, mm | hmm | Fp, kHz
1.1 19.84 | 2991 0.01 36.( 22.13 66/4 4.4 30 (60;90)
1.2 19.84 | 2991 0.01 72.( 4426 1328 8.8 15 (1)
1.3 19.84 | 2991 0.01 1107 22.13 1328 44 7 (2R)
1.4 19.84 | 2991 1.0 36.( 22.13 66{4 4,4 30 (60;90)
1.5 9.78 2991 0.01 36.(¢ 22.13 66{4 44 30 (60;90)

Table 2: Dual slotted linear nozzle

Variant | Py, atm | To, K | Pe,atm | R mm | Hmm | L, mm | h, mm | Fp, kHz
2.1 19.84 | 2991 0.01 36.0 2213 104.2 4l4=25(")
2.2 19.84 | 2991 1.0 36.0 2213 104.2 4/4 24 (k2)

For each variants were calculated the followingapseters, partially shown in the figures 3-5 belpyt)
- the pressure in the center of the thrust walisdidt) - thrust, as well as spectra of pressure fluabnati
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pa (t) (b) and thrusD (t), obtained by method discrete Fourier transform (P& a time interval of
0.5 - 2.5 ms. In Figure 3 were shown the calcutatesults for the basic variants case 1.1.
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Figure 3. Calculation data for variant 1.1

Under these conditions, starting approximately wviitms, the quasi-periodic regime was set as for the
pressure in the central point of thrust wall and tfust in general with the main dominant frequenc
equalFp = 30 kHz. In addition to this frequency in the ¢jpem of the pulsations there are emissions at
frequencies of 60 and 90 kHz (they are given ireptireses in thEp column of tables). Pressure changed
from 5 to 25 atm, thrust — 2500 — 2600 N.

In variant 2.1 we considered dual slotted lineazrziey equivalent under gas consumption, the magsitu
of the critical section area and the conditionghatinlet and outlet with the annular nozzle in Hasic
variant 1.1. The calculation results for the varad was shown in Figure 4.
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Figure 4. Calculation data for variant 2.1
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Qualitatively, the results for the dual slottecelim and corresponding annular nozzles were the,dauhe
there were some quantitative differences. Pressardhe thrust wall varied from 8 to 12 atm thatswa
lower than for the annular nozzle. Accordingly, theust was lower at an equal area of the outpaiice
The dominant frequency in the spectrunppft) corresponded to value25 kHz.

The results of experimental pressure measurementsspectrum op, (t) for the base variant of the

annular nozzle were presented in Figure 5. Theyotstmate a qualitative agreement with the caloorati
in Figure 3.
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Figure 5. The experimental data for the flow conds in the base variant 1.1.

In both cases, in spectraf(t) was presented the main dominant and additiongliéecies - satellites,
multiples of the main. The quantitative differencesre observed in the values of the main dominant
frequencyFp = 22 kHz, measured in the experiment with onellgaten a multiple frequency of 44 kHz,
from the calculated main dominant frequegy= 30 kHz with two satellites on multiple frequesgiin

the 60 and 90 kHz, respectively. It should be ndted the main dominant frequency is easily deteechi

by the calculation of the repetition period of treaks in the signat, (t) without using the DFT method.
Variant 1.2 differed from the basic case in thdtsses are doubled. The analysis shown that this
modification leads to some increase in time of atpat on quasi-periodic mode and the changed immea
values of pressure and thrust on the consideregl itiberval. As in the basic case, there was a demin
oscillation frequency equal to 15 kHz, as for puessso for thrust force, which twice less than rien
frequency for basic case.

Variant 1.3 differed from the basic by configuratiof the thrust module. The diameter of the annular
nozzle was increased twice at constant altitudea epherical segment. As shown by the analysis, the
nature of the pressure fluctuations and thrusedaimhe dominant frequency of oscillation was reduo

7 kHz. The pressure changes in the range of 5 @mtrh5he thrust 4900 - 5400 N. Rarely were observed
the emissions values in pressure spectrum, twrée times above average.

In variant 1.4 gas flow from the annular nozzlewsdn air at atmospheric pressure. The increasbeof
backpressure leads to a sharp increase of thalipirturbation (up to 1000 atm). In a quasi pecod
mode in the spectrum @f (t) remained dominant frequencies 30 (main), 60 ankl-20 It increased the
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oscillation amplitude in the range of a few kilotzefThe pressure fluctuations interval in the cdessd
time range changed from 7 — 12 atm to 5 — 30 airthd spectrum dd(t) on oscillations with frequencies
up to 10 kHz are imposed oscillations of relativetpall amplitude with a frequency of 30 kHz. The
average value of the thrust force was equ2200 N, which was slightly lower than in the basise.

In variant 1.5 the total inlet pressure in the danmozzle was reduced twice compared to the basic
variant. The pressure and the thrust were alsoedsed about twice times. The main frequenciesdn th
spectrum ofy, (t) andD(t) practically unchanged.

Variant 2.2 for dual slotted linear nozzle corresped to the variant 1.4 for the annular nozzle. The
comparison showed that there was not only quaivétéiut also qualitative difference between theiltes

of the calculations for these options. Pressuregié from 5 to 10 atm, the thrust value fluctuatemlind

the level of 1000 N. The spectrummf(t) has one dominant frequency of 24 kHz. In the spectbfD(t)

in addition to this frequency there were emissiargequencies 10 and 13 kHz.

Conclusions

Numerical and experimental study of spectrum sigyoélpressure pulsations on thrust wall in the &amu
and dual slotted linear nozzles were performed. tRerbasic configuration of the annular nozzle was
experimentally established the main dominant spectirequency (22 kHz), qualitatively confirmed by
calculations (30 kHz). The numerical research gfetelence of frequency and oscillation amplitude of
flow parameters in these nozzles showed that theagement of the main dominant frequency can most
effectively be carried out as due &b a proportional increase in nozzle scale (fregyedecreases
proportionally), and the size of critical sectiamdaheight of the deflector, regardless of flightitatle —
backpressure in the space of outflow. Usage thdisistanents helped to demonstrate the variatioritybil
the main dominant pressure pulsation in the stud@tles in the range of 7 to 30 kHz. In calculadio
first were predicted the existence quasi-perioditsagting regimes of laminar gas flow in dual sldtte
linear nozzles and was established the dominasapah frequency~(25 kHz) of pressure on the nozzle
thrust wall.
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