PECULIARITIES OF RAMJET COMBUSTION CHAMBER WORK WITH
RESONATOR UNDER CONDITION OF VIBRATION FUEL COMBUSTION
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An optica measurement and registration system of el ectronic radiation of e ectron-excited
radicas OH in flames is presented in this work. To investigate diffusion hydrogen-air torches
the mentioned system was used. The obtained experimental data were used for anaysis of a
thrust formation of the ramjet gjector combustor with acoustic resonator by vibrating burning of
hydrogen. It was offered a way to determine geometrical parameters of gector system and
hydrogen consumptions providing the largest thrust val ues.

Picture regigration in different spectral ranges is the central instrument for solution of
scientific-technical problems connected with the burning processes. The pictures enable to give
a valuable information both about local and integral characteristics of the investigated process.
For example, one of the methods of fuel burn-out completeness is based on the effect of OH
hydroxide group chemiluminescence which is formed as intermediate product of burning. Act
of the OH radical formation is accompanied by a light quantum radiation in the range of 280-
350 nm. Intensty of luminous radiation from the controlled flame region in the given spectral
range can serve as an index of thereacted fuel quantity.

Figure 1 presents a block-scheme of the regigration system for solution of similar
problems. The picture of the investigated process 1 with a quartz lens 2 is focused to a
photocathode of pin-hole e ectron-optical converter (EOC) 3. EOC is hecessary for transferring
a gspectral range of registered radiation to a visible range and its enhance. A brightness
coefficient can reach 10000 and is adjusted with a power source 4. The image isregistered with
CCD camera 5. Block of light filters 6 is used for separation of necessary spectral range. To
control and account a possible time ingability of the tract EOC- CCD -PC atest source of light
7 isused. Control by the test source and the CCD camerais realized with the electron block 8,
including an analog-to-digital converter (ADC). Work of the control block is operated by IBM
PC 9 that is also used for collection and processing of the obtained information. If necessary, a
neutral light filter 10 can be used for decreasing of the image brightness. Operation of the
registered system can be synchronized with the investigated processes on the data bus 11.
Working spectral range is0.25-0.7 um.

Maximum registration frequency of images is determined by a type of the CCD camera,
and for the matrix 1A-D1-0064 with size 64x64 pixd came to 2000 Hz. Tempora
characterigtics of the system also
depend on quick-action of EOC. At
this, time of luminiphor afterglow used
in an exit screen is a determinative
parameter. For the used EOC this value 4 7
isof T=15mson leve 0.1. |:|J
One of the basic parameters of the D
registered system is a set of transfer g 9
functions k; which determine a
connection b]etween brightness 1;; in 1H— H |
every point of initiad image on the Fig.1. Block scheme of the images registration.
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Fig. 2. Output signd for the centra part of the

image as afunction of the incoming light
brightness

photocathode of EOC and digital value Di=l;jk;;
for this point a the system exit. Functions k;
depend on a power source tenson of EOC, a
conversion coefficient of ADC, and besides, they
can differ for different image points in
dependence on constructive peculiarities and
quality of the applied EOC. Difference of the
EOC amplification factor along theimage field is
described by so-called zone characteristics, and in
this case it accounts not more then 3%.

The most important parameter of the
registration system is a conversion coefficient of
the initial image brightness to the output digital
value which can depend on ainput sgnd valuein
the whole case. Figure 2 shows a dependence of
the output sgna for the central region on the
source brightness. The obtained dependence is
close to the linear one, but there exists a constant
component which is due to a dight luminescence
of the EOC screen when by input radiation. This

demands an appropriate account at the
experimenta data being processed. To corroborate the qualitative registration possibilities of
radiation intensity and coefficient linearity the systems transmission had been registered and
processed taking into account the obtained image dependences of a hydrogen-air torch with
equal fuel consumption, but with different input diaphragms. Figure 3 presents the typical torch
pictures. A) isan example of the initial pictures, b) are the same pictures transformed taking

into account the dependence presented in Fig. 2.

Non-uniformity of transfer characteristics in time can be one from the possible errors at
processing of the experimental data. The causes of the similar errors can be the power source
instability and consequently, the instability of amplification and transformation factors, a

temperature dependence of the eectron components
parameters, influence of impulse magnetic fields at
tube launch, and etc. To consider the similar effects
the system was provided with a built test source of
light that gave a constant brightness digtribution in a
non-working image region.

Method of the system calibration depends on a
concrete problem and can be readlized a the plant
directly. This allows to exclude influence of the plant
congtructive edements, such as absorption and
reflection of radiation on the tract optical windows of
the wind tunnel, a disance up to the investigated
region, observation corners and so on.

Figure 4 shows the typical calibrating curves for
completeness of the fuel burn-out on intensity of the
OH radical luminescence in the range of the wave
length 0.25-0.35 um. The dependences of the integral
luminescence of the hydrogen torch on the fue
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D1=2.14 D2=1.41 D3=1
Fig.3. Theimages of an air-hydrogen flame
with different size of relative diaphragm D.
a) — origina images; b) — converted images.

Flow rate of the fuel is equa to 0.537 litre
per second.




consumption are obtained at different sizes of %%
diaphragm of the input D.
It should be noted a sharp incline change of
the curve at the fud consumption 0.2-0.3 I/s. This %%
e

0.40

fact should be accounted very cautiousy while g8d
determine the consumption completeness on the 17
torch integral brightness at consumptions which are @
quite different from the consumptions a . &
calibration. The result coincidence for different D %
confirms once again an efficiency of the g
registration system and possibility of its application
for solution of different problems connected with (00
the combustion processes. 0.00 0.50 100 150
This system was used to obtain the images of Fig. 4. Integral brightness of the converted
the diffusion hydrogen-air torch. Figure 5 presents images versusthe flow rate.
two types of images obtained by hydrogen burning
flowing with supersonic velocity from anozzle posed horizontally which inner diameter was of
d = 1.2 mm by the volume hydrogen consumption Q = 2.3 I/s (for these nozzle sizes the
supersonic flow is realized at Q>1.6 I/s). The image obtained by adjustment of the registration
system that alowed to separate torch regions with high radiation intensity, i. e. the burning
zones and the high temperature zones of the burning products is presented in Fig. 5, a. At this,
in the result of restricted dynamica range (256 brightness gradations) the regions with low
brightness intengity had been not registered. It is seen that the flame is separated from the
nozzle and a hydrogen jet core is well viewed, besides it is observed a “floating-up” of the
burning products because the torch is horizontal. The image of the same torch obtained a a
higher system sensitivity is presented in Fig. 5, b. At this, the regions with the high
luminescence intengity are not viewed (overfilling of ADC), however, the regions with low
luminescence intensity are registered, i. e. the regions of thermoluminescence of the burning
products. Figure 5 shows the bending lines: 2 is the bending line of a flame front, 4 is a bound
of the jet boundary layer. The following parameters were obtained by processing of these
images. an angle between the bending lines and length of the non-darkened zone. Comparison
of theimagesin Fig. 5 and 5, b allows to ascertain a length of the zone with the high radiation
intensity (burning zones), and, it is seen that the angle between the bending linesin Fig. 5, bis
larger thenin Fig. 5, a. Here longitudinal and transverse scalesis shown too.
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Fig. 5. Image of torch.
a) —large exposition, b) —small exposition.
1 —nozzle, 2 —envelope of flame front, 3 —torch bound, 4 —bound of the jet
boundary layer. Q = 2.3 /s, injector diameter is of 1.2 mm.
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Fig. 6. Scheme.
L isthe chamber length , L, is position of the resonator ,
L; isposition of theinjector , L, is position of the piston .
lisatube, 2 isan injector, 3 isthe connection pip e for aresonator , 4 isajet core, 5 isaregion
of the flame separation , 6 isabound of the jet boundary layer , 7 isacombustion region , 8isa
torch bound , 9 are the types of resonators .

Information obtained by the images processing was used for data analysis of the
experiments of thrust characteristics of ejector combustion chambers with resonators.
Combustor and resonators schemeis shown in Fig. 6. The combustor 1 isacylindrical tube with
inner diameter D = 16 mm (this size is shown in comparison with the torch in Fig. 5). The
combustor was provided with a confusor probe in which a lower pressure led to devel opment of
athrust force F. The combustor was fixed on a strain-gauge balance which were used for the
thrust measurement. Combustor length L in the experiments was of the value from 146 up to
150 mm. Connection pipe 3 with inner diameter of 9.8 mm oriented for resonators 9 attachment
in different experiments was posed at different distances L, from to the chamber entrance. Two
types of resonators used in the experiments are shown in Figs. a) and b): a long cylindrica
resonator with inner diameter of 11 mm and cylindrical resonator with inner diameter of 19
mm. Resonator cavity length adjusted by a piston position. Distance from the piston up to the
combustor is shown by value L. The images of the combustor and diffusion torch are matched
in the scheme. It is shown: 2 is the injector, 4 is the jet core, 5 is a region of the flame
separation, 6 isabound of the jet boundary layer, 7 isthe burning region, 8 isthe torch bound.

Figure 7 presents one of the oscillograms where recordings of thrust F and sound vibration
amplitude A before the combustor, and also of hydrogen consumption Q are shown. The
oscillogram was obtained for resonator (see Fig. 6, a) L,/2L = 0.251 at the relative length of the

ysk P resonator cavity Ly/2L = 0.464 and relative

Fo il %%// injector position Ly/2L = 0.169. This
e "

oscillogram shows that with increasing of Q

W N thrust formation is carried out by a jump
= A R—t with an instant amplitude increase of the
e U sound vibrations that is usually observed at

Q changing of vibrating burning regimes
(transfer from the first stage of vibrating

Q burning to the stage of advanced vibrating

burning). Further increase of Q consumption
leads to uneven decrease of sound vibrations
Fig. 7. Oscillogram. amplitude and to thrust disappearance. A
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regime of the advanced vibrating burning is recommenced by decreasing of the hydrogen
consumption. By further decrease of consumption the advanced vibrating burning is
transformed into the firgt stage of the vibrating burning.

During processing of the matched images the following fact was found. The resonator
becomes active in the process of the thrust formation if the bound of the boundary layer falls
into a resonator throat and extent of the burning zone has a length which provides combustion
in the resonator throat. This fact allows to predict aregion of parameters in which the highest
thrust values are reached, though burning in the diffusion torches and burning in pipes has a
principal difference.

Figure 8 presents a dependences of thrust F (in grams of force) and the sound level A (in
decibdl) on hydrogen consumption Q. Figure 8, a shows the dependences for the resonator with
diameter 11 mm, &t L,/2L = 0.208 and L/2L = 0.368. The dependences for the same resonator
at L,/2L = 0.251 are presented in Fig. 8, b, the resonator cavity length did not change. Figure 8,
¢ presents dependences for the resonator with diameter 19 mm, L,/2L = 0.251 and Ly/2L =
0.1575, this linear size of the resonator was chosen to obtain the same volume as for the two
previous cases. Position of theinjector in theses experiments was the same— L;/2L = 0.169. It is
seen from comparison of the results of Figs. 8, a and 8, b that if an injector position is fixed a
thrust value is essentially depends on the resonator position. By the same values of the sound
vibrations thrust value at L,/2L = 0.208 is dmost 4 times smdler than a L,/2L = 0.251. These
figures show typical effects of hysteresis described in [1] that can be observed on the
oscillogram (see Fig.7). Comparison of Figs. 8, b and 8, ¢ shows that the thrust value depends
not only on the resonator position but also on a longitudinal size of the resonator cavity that
determines its own frequency. Besides, it is seen that a sound leve is determined by a form of
the resonator cavity. At conservation of the resonator volume, decrease of the cavity length led
to decreasing of the sound level from 130 up to 116 dB, to disappearance of thrust and
formation of resistance force. It follows that mass exchange between the resonator cavity and
combustor at low frequency isnot essential in the thrust formation, but the determining factor of
this formation is acoustic interaction of the resonator and the combustor.
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Fig. 8 Thrust and acoustics.
a) Li/2L = 0.169, L/2L = 0.208, L,/2L = 0.368 (d=11mm)
b) Li/2L =0.169, L,/2L =0.251, Ly/2L = 0.368 (d = 11mm)
c) Ly/2L = 0.169, L,/2L = 0.251, L /2L = 0.1575 (d = 19mm)
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Fig. 9. Summary results.

Figure 9 presents a generalized information about positions of injectors, resonators, on
lengths of the burning regions and bound positions of the boundary layers of hydrogen jets.
Here, absolute values of the resonator position with inner diameter 11 mm on the combustor
and itsrelative positions L,/2L are laid on the abscissa in mm. In figure the resonator diameters
are shown by vertical lines above which the relative positions of the resonator throat center are
filled on. It is shown four positions of the resonator: L,/2L = 0.137, 0.208, 0.251 and 0.362.
Absolute (in mm) and relative (Li/2L) injector positions in the combustor are laid on the
ordinate. Cuts 1,2 and 3 represent the positions and lengths of the burning regions by hydrogen
consumption 0.6, 1.2 and 2.3 I/s accordingly. The crossing points of the boundary layer bound
of the hydrogen jet with the combustor walls is shown by lines o in scheme 6. Analyzing the
experimenta data it was established that maximum thrust values of the combustor are redized
under condition of falling on into the resonator throat the crossing point of lines a with the cuts
which characterizes the burning zones lengths. That, in particular, wasillugrated in Fig. 8. Itis
shown in Fig. 9 that at L,/2L = 0.208 and L;/2L = 0.133 the crossing point comes to thetrailing
edge of the resonator throat. At processing of the resultsit was found and shown in Fig. 10 that
in this point instability of the thrust formation process and the sound level should be expected.
Here, acritica value of Qisvalue~ 21/s.

On the whole, influence of the resonator on the thrust formation process can be described as
follows. At small consumption of hydrogen its burning zone has small sizes, and in the result
hydrogen burns so that on the wall chamber and in the resonator throat only burning products
are found. By consumption increase the flame is separated from the injector, and on the
chamber wall as well as in the resonator throat mixture of hydrogen with air from the jet
boundary layer can be found. If length of the resonator cavity is chosen right, the own resonator
frequency coincides with one of the own combustor frequencies, and the system “combustor —
resonator” operates in the regime of acoustic resonance. With the pressure decrease in the
resonator cavity, a mixture of hydrogen with air is soak from the boundary layer in the
resonator throat, and right behind from the combustor flameis soak and lights up afuel mixture
in the resonator. By the pressure increase in the resonator, the burning products from the
resonator are thrown into the combustor and the flame is thrown off the combustor walls. This
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process is repeated cyclically. As it was

noted, to realize this process an enough

hydrogen Q consumption should be provided

at optimal position of the injector and 20+ £
resonator. A longitudinal resonator sze shall 10 . . >
correspond to acoustic resonator conditions @ o .
(in work [2] was obtained multiplicity of the ™ o . -’

resonator cavity lengths by which maximum
values of thrust were reached). It should be 1o0e
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noted that for combustors supplied with Qi
resonators the maximum thrust values are 1361

redized a higher values of the hydrogen 132 e W
consumption than for combustor without / Lo '
resonators. Presence of the resonator leads to 1281 Lot el
actual decrease of the hydrogen volume 124 wot

A[dB]

burned in the chamber a the expense of the | . .
resonator volume attached to the chamber. At ] / - e
this, a sound level and thrust increase. 1] . L

Violation of even one from the enumerated nu2y -7

conditions lead to the thrust decrease because 0 1 2 3 4
of decreased energy release. At position of QIlic]

the resonator L/2L = 0.208 and position of Fig. 10. Instability of the formation process
the injector Li/2L = 0.169 the hydrogen air of thrust and acoustics.

mixture does not come into the resonator

throat, i. e. alow energy release is taken place, which isseenin Figs. 8, a, 8, b and 9. According
to this, the thrust value is occurred 4 times smaller than in case when the resonator is found in
position L/2L = 0.251. At the same time, as it was mentioned above, at the resonator position
L./2L = 0.208 the resonator cavity length is chosen such that it provides an acoustic resonance
of the system “combustor-resonator”, that follows from the comparison of the sound levelsin
Figs. 8, a and 8, b. Violation of other condition — the condition of acoustic resonance of the
system (see Figs.8, b and 8, ¢) also led to a thrust suppression due to decrease of the sound level
and energy release and because of lack of the system acoustic resonance. Possibilities to use the
described criteria by the data transfer for diffusion torches in case of vibrating burning in tubes
can be evidently justified using the detailed cal culations of the flow structure in injector system
with burning.

Thus, it is presented an optical system of measurement and registration of luminescence
intensity of the eectron-excited radicals OH in flames which possesses wide possibilities for
study of combustion. This system was used to investigate diffusion hydrogen-air torches. The
obtained data were used for analysis of characteristics of the gector combustor with resonators.
The effects of thrust increase was explained and the conditions of realization of the maximum
thrust had been formulated.
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